I[SSCR

Stem Cell Reports

Article
OPEN ACCESS

Generation of “Off-the-Shelf” Natural Killer Cells from Peripheral Blood
Cell-Derived Induced Pluripotent Stem Cells

Jieming Zeng,'* Shin Yi Tang,? Lai Ling Toh,' and Shu Wang'>*

Hnstitute of Bioengineering and Nanotechnology, 31 Biopolis Way, The Nanos, #09-01, Singapore 138669, Singapore
2Department of Biological Sciences, National University of Singapore, Singapore 117543, Singapore
*Correspondence: jmzeng@ibn.a-star.edu.sg (J.Z.), swang@ibn.a-star.edu.sg (S.W.)
https://doi.org/10.1016/j.stemcr.2017.10.020

SUMMARY

Current donor cell-dependent strategies can only produce limited “made-to-order” therapeutic natural killer (NK) cells for limited
patients. To provide unlimited “off-the-shelf” NK cells that serve many recipients, we designed and demonstrated a holistic
manufacturing scheme to mass-produce NK cells from induced pluripotent stem cells (iPSCs). Starting with a highly accessible human
cell source, peripheral blood cells (PBCs), we derived a good manufacturing practice-compatible iPSC source, PBC-derived iPSCs (PBC-
iPSCs) for this purpose. Through our original protocol that excludes CD34+ cell enrichment and spin embryoid body formation,
high-purity functional and expandable NK cells were generated from PBC-iPSCs. Above all, most of these NK cells expressed no killer
cell immunoglobulin-like receptors (KIRs), which renders them unrestricted by recipients’ human leukocyte antigen genotypes. Hence,
we have established a practical “from blood cell to stem cells and back with less (less KIRs)” strategy to generate abundant “universal” NK

cells from PBC-iPSCs for a wide range of patients.

INTRODUCTION

Natural killer (NK) cells are innate lymphocytes that kill
malignant cells and virus-infected cells (Domogala et al.,
2015; Miller, 2013). Target recognition and activation of
NK cells depend on an array of activating receptors
and inhibitory receptors, which entirely differ from the
major histocompatibility complex-restricted T cell receptor
(TCR)-dependent mechanism of T cells (Moretta et al.,
2014). Thus, it is feasible to use allogeneic NK cells to treat
cancers without causing graft-versus-host diseases
(GVHDs) (Leung, 2014; Lim et al., 2015), and this effec-
tively expands the cell sources for NK cell therapy beyond
an autologous one.

In current clinical trials, large dosages of NK cells ranging
from 5 x 10° to 5 x 107/kg body weight have been used
(Lapteva et al., 2014). One typical approach to generate
such large amounts of allogeneic NK cells is enrichment
of NK cells from donor-derived leukapheresis products.
Different protocols have been established to make NK cell
products through immunemagnetic depletion of T and B
cells and selection of CD56+ cells (Koehl et al., 2013). Since
residual T and B cells may cause GVHDs and passenger B
lymphocyte-mediated complications, respectively, purities
of such products are especially crucial for their applications
in allogeneic settings. However, to generate high-purity NK
cell products, a prolonged manufacturing process is neces-
sary, which not only compromises recovery of NK cells but
also their viability and potency. With a low recovery rate,
obtaining sufficient NK cells from a single leukapheresis
product is difficult, not to mention the limited availability
of donor-derived leukapheresis products. Another popular

approach to make NK cell products is expansion of NK cells
from peripheral blood mononuclear cells (PBMCs)
using feeder cells, such as K562 cells modified with mem-
brane-bound molecules such as interleukin-15 (IL-15) and
4-1BB ligand (K562-mbIL15-41BBL) (Fujisaki et al., 2009).
These feeder cells can rapidly expand NK cells from PBMCs
by 21.6-fold in 7 days (Fujisaki et al., 2009), or from cryo-
preserved apheresis products by 70-fold in 8 days (Lapteva
et al., 2014). Yet, the purities of such short-term cultured
NK cells are about 60%-70%, and further expansion up
to 21 days or enrichment of NK cells is still required to
achieve the purities needed for allogeneic use (Fujisaki
et al.,, 2009; Lapteva et al., 2014). Although the above-
mentioned approaches are currently being used to generate
NK cell products, the scalabilities of such manufacturing
strategies are poor. Like any other donor cell-dependent
manufacturing processes, generating NK cell products
from primary cells of various donors is difficult to be stan-
dardized due to the variable starting materials. It demands
specialized facilities and skills, complicated logistics, and
high operation cost, which limit the availability of NK
cell therapy to a few particular agencies.

Along with the difficulties during manufacturing, select-
ing a suitable donor of NK cells for a particular patient to
improve clinical outcome is another hurdle faced by cur-
rent strategies for NK cell production (Benson and Cali-
giuri, 2014; Leung, 2014; Thielens et al., 2012). NK cells ex-
press clonally distributed inhibitory receptors known as
killer cell immunoglobulin-like receptors (KIRs) (Parham,
2005; Thielens et al., 2012). Each individual KIR recognizes
a specific human leukocyte antigen (HLA) class I molecule
known as KIR ligand, e.g., KIR2DL1 binds HLA-C2,
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KIR2DL2 and KIR2DL3 bind HLA-C1, KIR3DL1 binds HLA-
Bw4, and KIR3DL2 binds HLA-A3 and HLA-A11 (Thielens
etal., 2012). Binding of KIR ligands to inhibitory KIRs sup-
presses cytotoxicity of NK cells. To alleviate such inhibition
on NK cells and thus to enhance their cytotoxicity against a
patient’s cancer cells, elaborately selecting an NK cell donor
for that particular patient to obtain a KIR-HLA mismatch in
an anti-cancer direction is critical (Benson and Caligiuri,
2014; Leung, 2014; Murphy et al., 2012; Thielens et al.,
2012). This selection is based on donor KIR typing and
recipient HLA typing. A donor is suitable if an inhibitory
KIR is present in the donor but the KIR ligand is absent in
the recipient (Leung, 2014). The involvement of both KIR
and HLA, two highly diverse gene families in human im-
mune system, decides that current donor cell-dependent
manufacturing platforms can only produce “custom-
made” NK cell products for limited patients instead of
“off-the-shelf” ones for a wide range of patients. Therefore,
it is imperative to explore an alternative manufacturing
strategy that circumvents these aforementioned issues.

In the age of pluripotency, human pluripotent stem cells
(hPSCs), especially induced pluripotent stem cells (iPSCs),
have emerged as a reliable and standardizable starting mate-
rial to produce immune cells such as dendritic cells (Zeng
et al., 2012, 2015; Zeng and Wang, 2014) and NK cells
(Knorr et al., 2013; Woll et al., 2005, 2009). Although a
couple of studies have shown the generation of NK cells
from hPSCs, these existing protocols require procedures
that are unsuitable for large-scale production, e.g., enrich-
ing CD34+ cells (Woll et al.,, 2005, 2009), forming spin
embryoid bodies (EBs) (Knorr et al.,, 2013) and heavily
relying on long-term NK cell expansion that lasts more
than 2 months (Knorr et al., 2013). Moreover, using these
current methods, the resulting NK cells express high-level
KIRs (Knorr et al., 2013; Woll et al., 2005, 2009), which
restrict their applications to recipients of certain HLA
typing. Up to now, a robust good manufacturing practice
(GMP)-compatible protocol that consistently generates
NK cells from various sources of hPSCs is yet to be reported.
To facilitate and contribute to the development of a GMP-
ready protocol in the future, we designed and demonstrated
a holistic manufacturing scheme to mass-produce NK
cells from hPSCs. Starting with a highly accessible human
cell source, peripheral blood cells (PBCs), we generated a
GMP-compatible hPSC source, PBC-derived iPSCs (PBC-
iPSCs) to produce NK cells. Through our original protocol
that excludes CD34+ cell enrichment and spin EB forma-
tion, high-purity functional and expandable NK cells were
generated from PBC-iPSCs. Above all, most of these PBC-
iPSC-derived NK (PBC-iPSC-NK) cells expressed no KIRs,
which renders them unrestricted by recipients’ HLA geno-
types. These “HLA-unrestricted” NK cells may serve as a
universal “off-the-shelf” NK cell source for many recipients.

RESULTS

Generation of NK Cells from hPSCs

To establish a robust and practical protocol for NK cell pro-
duction from hPSCs (Figure 1A), we started with a classical
hPSC source, the widely used human embryonic stem cell
(hESC) line, H1 (Figure 1B). In stage one of this two-stage
protocol, to induce hematopoietic differentiation, H1 cells
were co-cultured with overgrown OP9 cells, a bone marrow
stromal cell line (Figure 1A). On day 12 of co-culture, many
differentiated colonies appeared (Figure 1C), and small
populations of CD34+ cells (Figure 1J) were consistently
observed. In stage two, to induce lymphoid commitment,
the differentiated cells were harvested and co-cultured
with OP9-DLL1 cells, a modified OP9 cell line expressing
Notch ligand Delta-like-1 (DLL1), on a weekly basis in
the presence of stem cell factor (SCF), Fms-related tyrosine
kinase 3 ligand (FLT3L), and IL-7 (Figure 1A). Seven days
after first co-culture with OP9-DLL1 (day 19), most differ-
entiated cells still grew as adherent cells (Figure 1D); after
second co-culture (day 26), some bright, round, and
semi-attached cells started to pop out (Figure 1E); after
third co-culture (day 33) these cells detached and assem-
bled in the center of culture plate well (Figures 1F and
1G); after fourth co-culture (day 40), more suspension cells
appeared (Figures 1H and 1I). Morphologically, these
suspension cells were small, round, and bright lymphoid
cells (Figures 1G and 1I); phenotypically, they appeared
as a defined population on scatter plots (Figures 1K and
1L); most were CD45+ CD56+, but CD3— TCRaf— CD4—
CD8— (Figures 1K and 1L), which is typical for NK cells.
Thus, by going through hematopoietic differentiation
and lymphoid commitment, we established a practical
protocol to generate NK cells from hPSCs without employ-
ing CD34+ cell enrichment or spin EB formation.

Generation of PBC-iPSCs for Production of NK Cells

To further facilitate NK cell production from hPSCs under
GMP, it is helpful to start with a highly accessible hPSC
source that is GMP compatible. Although hESCs, fibro-
blast-derived iPSCs, and umbilical cord blood CD34+ cell-
derived iPSCs have been used to generate NK cells (Knorr
et al., 2013; Woll et al., 2005, 2009), these hPSC sources
are not ideal for GMP. Instead, PBC-iPSCs are a more acces-
sible and practicable option from the standpoint of
manufacturing because the starting material PBCs are
very amenable to GMP, although the use of this hPSC
source to produce NK cells remains unexplored. To study
such a possibility, we first generated our own iPSC lines
from PBCs (donor A) using integration-free Sendai viral
vectors carrying the reprogramming factor genes. The
resulting PBC-iPSC lines showed typical morphology of
hPSCs (Figure 2A). They were further classified into
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Figure 1. Generation of NK Cells from hPSCs

(A) A schematic of a two-stage protocol for production of NK cells from hPSCs.

(B-I) Morphological changes during differentiation of H1 cells into NK cells. Phase contrast images show (B) undifferentiated H1 cells; (C)
H1 and OP9 co-culture, day 12; (D) first differentiated cells and OP9-DLL1 co-culture, day 7 (day 19); (E) second differentiated cells and
0P9-DLL1 co-culture, day 7 (day 26); (F and G) third differentiated cells and OP9-DLL1 co-culture, day 7 (day 33); (H and I) fourth

differentiated cells and OP9-DLL1 co-culture, day 7 (day 40).

(J-L) Phenotypic changes during differentiation of H1 cells into NK cells. Flow cytometric analysis shows (J) CD34+ cells from H1 and OP9
co-culture, day 12; (K and L) CD56+ CD45+ cells from third (day 33) and fourth (day 40) co-culture on OP9-DLL1.

PBC-iPSC lines derived from T cell or non-T cell by TCRB
and TCRG gene clonality assays (Figures 2B and 2C). As
shown in Figures 2B and 2C, a PBC-iPSC#8.3 line was iden-
tified to be derived from an «f T cell due to the presence of
rearranged TCRP chain gene, whereas a PBC-iPSC#9 line
was from a non-T cell due to the absence of both rearranged
TCRB and TCRy chain genes.

Next, we examined whether our two-stage protocol for
NK cell production is applicable to these PBC-iPSC lines.
Using the non-T cell-derived PBC-iPSC#9 line, differenti-
ated cells containing a significant CD34+ population
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were obtained after a 12-day co-culture with OP9 (Fig-
ure 2E). Without sorting CD34+ cells, these differentiated
cells were harvested and directly co-cultured with OP9-
DLL1. A small CD45+ CD56+ population appeared after
the second co-culture (day 26) (Figure 2F); this population
became more apparent after the fifth co-culture (day 47),
which comprised 61% of the lymphoid cells (Figure 2G).
Neither TCRap nor CD3 was expressed during the differen-
tiation process; they were undetectable in pluripotent stem
cells (Figure 2D), hematopoietic cells (Figure 2E), and
lymphoid cells (Figures 2F and 2G). Moreover, there was



no obvious CD4 or CD8 expression in the lymphoid cells
(Figures 2F and 2G), confirming that our two-stage protocol
could also be used for NK cell production from PBC-iPSCs.
Similarly, using the T cell-derived PBC-iPSC#8.3 line,
CD34+ cells were generated after a 12-day co-culture with
OP9 (Figure 2I); an increasing CD45+ CD56+ population
was observed with the progress of lymphoid commitment
(Figures 2J and 2K), again proving the robustness of our
protocol. This T cell-derived iPSC line itself expressed no
TCRap (Figure 2H), suggesting the completeness of the
reprogramming process. There was no TCRap expression
in hematopoietic cells either (Figure 2I). However, PBC-
iPSC#8.3 did give rise to a distinct CD3+ TCRap+ popula-
tion during lymphoid differentiation (Figures 2J and 2K),
although there was no obvious CD4 or CD8 expression
(Figures 2J and 2K). The re-expression of rearranged TCRa
and TCRp chain genes in lymphoid cells differentiated
from T cell-derived iPSCs is not desirable if the produced
cells are to be used in an allogeneic setting. To avoid the
potential GVHD caused by the re-expressed TCRap, it is
crucial to start with PBC-iPSCs derived from non-T cells
rather than those from T cells.

To generate more non-T cell-derived PBC-iPSC lines, we
used a different protocol to reprogram PBCs (donor B and
donor C) into iPSCs, in which PBCs were first cultured in
CD34+ cell-enrichment medium for 3 days and episomal
reprogramming vectors were then delivered into these
pre-treated PBCs via GMP-compatible nucleofection. Using
this protocol, we significantly increased the probability of
deriving PBC-iPSC lines from non-T cells as verified by
TCRB and TCRG gene clonality assays (Figure 2L); nine
out of nine verified that PBC1-iPSC lines (donor B) were
derived from non-T cells. A possible explanation for this
finding is that the proliferating CD34+ cells are more
susceptible to reprogramming by nucleofection than the
terminally differentiated T cells. In contrast, using the
reprogramming protocol with Sendai viral vectors, only
five out of nine verified that PBC-iPSC lines (donor A)
were from non-T cells. Several confirmed non-T cell-derived
PBC-iPSC lines, including PBC-iPSC#9 (donor A), PBC1-
iPSC#4 (donor B), and PBC2-iPSC#12 (donor C), were
used to produce PBC-iPSC-NK cells in the following studies.

Improving Purity and Yield of NK Cells Produced from
Non-T Cell-Derived PBC-iPSCs

In addition to starting with a GMP-compatible hPSC
source, improving the purity and yield of NK cells produced
from non-T cell-derived PBC-iPSCs will further facilitate
the production of this NK cell source under GMP. To this
end, we tested whether different cytokine combinations
can enhance NK cell commitment. As demonstrated with
PBC-iPSC#9 (donor A) (Table S1), using IL-7 together with
SCF and FLT3L during lymphoid commitment brought

about a purity of 61% and a yield of 0.21 x 10° CD56+
CD45+ cells per 3 x 10° PBC-iPSCs on day 40. The use of
IL-15 rather than IL-7 increased the purity to 99% and
the yield to 0.75 x 10°, while the combined use of IL-7
and IL-15 gave a purity of 99% and a yield of 7.93 x 10°
on day 40, which further increased to 15 x 10° on day 47.

Using this optimized cytokine combination, high-purity
PBC-iPSC-NK cells were produced from PBC-iPSC#9
(donor A) (Figures 3A-3D). These PBC-iPSC#9-NK cells
were so cytotoxic that they killed almost all OP9-DLL after
the fifth co-culture (Figure 3A). After harvesting, any
potential carried-over OP9 or OP9-DLL1 or cell debris can
be further removed by density gradient centrifugation
using Ficoll-Paque and overnight culture (Figure 3B). There
was no detectable contamination of OP9 or OP9-DLL1,
since the whole resulting cell population was positively
stained by an anti-human CD45 monoclonal antibody
(Figure 3C), which could not stain both OP9 and
OP9-DLL1 (Figure S1). These cells expressed no CD3,
CD19, or CD14, suggesting that they are not T cells, B cells,
or monocytes (Figure 3C). Moreover, they showed typical
morphology of NK cells (Figure 3B). They were a homoge-
neous population as demonstrated by the cell images (Fig-
ure 3B) and the scatter plot (Figures 3C and 3D). Most were
CDS6+ CD45+ CD3—, a typical NK cell phenotype (Fig-
ure 3D). More importantly, these cells expressed numerous
receptors and surface molecules that are crucial for effector
functions of NK cells, including natural cytotoxicity recep-
tors (NKp30, NKp44, and NKp46), activating receptors
(NKG2D and DNAM-1), and death-inducing ligands
(FasL, TRAIL) (Figure 3D). They also expressed CD16 (Fig-
ure 3D), which mediates antibody-dependent cell-medi-
ated cytotoxicity (ADCC) of NK cells. Thus, these PBC-
iPSC-NK cells express all the best-characterized activating
receptors and surface molecules of NK cells that are impli-
cated in fighting cancer. Besides activating receptors, they
expressed inhibitory receptor CD94:NKG2A (Figure 3D),
which may prevent over-activation of NK cells. Likewise,
using PBC1-iPSC#4 (donor B), we were able to generate
PBC1-iPSC#4-NK cells with a similar phenotype (Fig-
ure 3E). Hence, a large number of high-purity NK cells
can be consistently produced from various PBC-iPSC lines
using our optimized two-stage protocol.

Functions of PBC-iPSC-NK Cells

Secreting cytokines such as interferon-y (IFN-y) upon stim-
ulation is an important functional feature of NK cells,
which can be detected by an enzyme-linked immunospot
(ELISPOT) assay. To investigate IFN-y secretion, PBC-
iPSC#9-NK cells were co-cultured with stimulating cancer
cells. ELISPOT results (Figures 4A and 4B) showed that
K562, an NK cell-sensitive leukemia cell line, was efficient
in stimulating IFN-y secretion by PBC-iPSC#9-NK cells,
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Figure 2. Generation of PBC-iPSCs for Production of NK Cells
PBCs from different donors were used to generate various PBC-iPSC lines. Results were obtained using PBC-iPSC (donor A) lines (A-K) and
PBC1-iPSC (donor B) lines (L).
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whereas Raji, an NK cell-resistant lymphoma cell line, was
less efficient, suggesting that PBC-iPSC-NK cells are capable
of secreting cytokine in response to stimulation.

Cytotoxicity is another hallmark of NK cells, which
depends on secretion of cytotoxic molecules such as gran-
zyme B (GrB). ELISPOT results (Figures 4C and 4D) showed
that PBC-iPSC#9-NK cells secreted GrB upon stimulation
by K562 (Figures 4C and 4D), which further confirms the
functional competency of PBC-iPSC-NK cells. Moreover, as
demonstrated in Figures 4E and 4F, PBC-iPSC#9-NK cells
had a direct killing profile similar to that of primary NK cells.
They were able to kill the NK cell-sensitive K562 cells
directly, but not the NK cell-resistant Raji cells (Figures 4E
and 4F). Interestingly, by exploiting their ADCC function,
PBC-iPSC#9-NK cells were still capable of killing Raji cells
(Figures 4G and 4H). As shown in Figures 4G and 4H, PBC-
iPSC#9-NK cells alone were unable to kill Raji cells; neither
with addition of human IgG1 or anti-CD20-mIgG1. With
addition of anti-CD20-hIgG1 of various concentrations,
however, distinct cytotoxicity against Raji cells appeared.
Therefore, PBC-iPSC-NK cells are fully functional in terms
of cytokine secretion, direct cytotoxicity, and ADCC.

Expansion of Fresh and Cryopreserved PBC-iPSC-NK
Cells

Generating sufficient PBC-iPSC-NK cells is a prerequisite
for their translation into clinical use. One possible way is
to scale up the differentiation cultures, which, however,
is not cost-effective. A more practical way is to expand
PBC-iPSC-NK cells using feeder cells. To investigate this
possibility, various numbers of PBC-iPSC#9-NK cells were
co-cultured with irradiated K562-mblIL15-41BBL cells at
an NK cell:feeder cell ratio of 1:10 in gas-permeable
G-Rex10 flasks. Results showed that PBC-iPSC-NK cells
were expandable (Figures 5A and 5B). Starting with 10°
PBC-iPSC#9-NK cells, up to 74-fold expansion was
achieved on day 9, although no further expansion was
observed after extending co-culture to 14 days (Figure 5A).
The expanded PBC-iPSC#9-NK cells kept their phenotype
apart from the downregulation of CD16 (Figure 5C); func-
tionally, they became more potent, as shown by higher
cytotoxicity against K562 cells (Figure 5D). These findings
indicate that clinical-scale production of PBC-iPSC-NK
cells through expansion with feeder cells is feasible.

Shipping therapeutic cell products from a centralized
manufacturing site to a clinical site for injection without
compromising the product quality is crucial for the clinical
success of live cell products. It is well known that trans-
porting conventional NK cell products in cryopreserved
form can significantly reduce their viability and potency
(Lapteva et al., 2014), which might also be a problem for
PBC-iPSC-NK cells. Indeed, current freeze/thaw procedure
significantly affected viability of expanded PBC-iPSC#9-
NK cells (Figure 5SE), although the cytotoxicity of these
cells was partially preserved (Figure 5G, expanded NK—
frozen-thawed). To overcome this issue, we proposed a
possible solution: at a centralized manufacturing site,
PBC-iPSC-NK cells are first produced and cryopreserved
(before expansion); the cryopreserved PBC-iPSC-NK cells
are then shipped to a clinical site; at the clinical site,
the cryopreserved PBC-iPSC-NK cells are then thawed,
expanded, and injected. The feasibility of such a solution
depends on the expansion capability of cryopreserved
PBC-iPSC-NK cells. As shown in Figure SF (frozen-thawed
NK), the cryopreserved PBC-iPSC-NK cells remained
expandable. Starting with 10° cryopreserved PBC-iPSC-
NK cells, up to 38.5-fold expansion was achieved on
day 9. Above all, these expanded cryopreserved NK cells
had comparable cytotoxicity as those expanded from fresh
NK cells (Figure 5G, frozen-thawed NK — expansion versus
fresh NK— expansion). These results support that trans-
porting cryopreserved pre-expansion PBC-iPSC-NK cells,
followed by their expansion and injection at the clinical
site, may provide a practical solution to the logistics of
such cell products.

Cytotoxicity of PBC-iPSC-NK Cells against Cancer
Cells

To evaluate the cytotoxicity of PBC-iPSC-NK cells against
cancer cells, three PBC-iPSC lines, PBC-iPSC#9 (donor A),
PBC1-iPSC#4 (donor B), and PBC2-iPSC#12 (donor C),
were used to generate PBC-iPSC-NK cells named
PBC-iPSC#9-NK cells, PBC1-iPSC#4-NK cells, and PBC2-
iPSC#12-NK cells, respectively. After expansion, these
PBC-iPSC-NK cells were used for cytotoxicity assay against
a wide variety of cancer cell lines: K562 (chronic myeloge-
nous leukemia), SK-OV-3 (ovary adenocarcinoma), SW480
(colorectal adenocarcinoma), HCT-8 (ileocecal colorectal

(A) Morphology of two PBC-iPSC (donor A) lines, PBC-iPSC#9 and PBC-iPSC#8.3.
(B and C) TCRB gene (B) and TCRG gene (C) clonality assays to detect rearranged TCRPB and TCRy chain genes in PBC-iPSC (donor A) lines.

Positive amplified product is indicated by the yellow arrow.

(D-K) Production of NK cells from two PBC-iPSC (donor A) lines, PBC-iPSC#9 and PBC-iPSC#8.3. (D-G) Phenotypic changes during
differentiation of non-T cell-derived PBC-iPSC#9 line into NK cells. Flow cytometric analysis shows no TCRaf expression during differ-
entiation. (H-K) Phenotypic changes during differentiation of T cell-derived PBC-iPSC#8.3 line into NK cells. Flow cytometric analysis

shows re-expression of TCRaf during differentiation.

(L) TCRB gene and TCRG gene clonality assays to detect rearranged TCRB and TCRy chain genes in PBC1-iPSC (donor B) lines.
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adenocarcinoma), MCF7 (breast adenocarcinoma), and
SCC-25 (tongue squamous cell carcinoma). Peripheral
blood NK (PB-NK) cells expanded from three different
donors (donor 1, donor 2, and donor 3) were used as
controls. Results showed that all tested PBC-iPSC-NK cells
efficiently killed all tested cancer cell lines; cytotoxicity
was observed even at very low effector to target (E:T) ratios
(Figure 6). When testing against NK cell-sensitive K562
cells, cytotoxicity of PBC-iPSC-NK cells was similar to
that of PB-NK cells (Figure 6A); however, against other
solid tumor lines, PBC-iPSC-NK cells were consistently
more efficient in Kkilling the target cells than PB-NK cells
(Figures 6B—6F).

In addition to using existing cancer cell lines, we also
derived primary tumor cells from a type of solid tumor,
colorectal cancer, for cytotoxicity assay. Characterization
of a short-term cultured primary tumor cell line CRC7.4
is shown in Figures 6G-6K. This CRC7.4 line expressed
cytokeratin (Figure 6G), but not vimentin (Figure 6H), sug-
gesting the epithelial origin of the cancer cells. Moreover,
CRC7.4 had high-level expression of CD133, a cancer
stem cell (CSC) marker (Figures 61 and 6K), as well as other
CSC markers such as CD44 and EpCAM (Figure 6K). There
was little expression of CK20 (Figure 6]), which is usually
expressed in goblet cells and enterocytes of the gastrointes-
tinal tract. Such a phenotype indicates that the CRC7.4 line
contains a high percentage of CSCs, but little differentiated
cancer cells. Cytotoxicity assay showed that PBC-iPSC-NK
cells were able to kill these CSC-like cancer cells at the
tested E:T ratios, while the expanded PB-NK cells were
inefficient at such low ratios (Figure 6L).

KIR Typing of PBC-iPSC-NK Cells

Signaling through inhibitory KIRs inhibits NK cell cytotox-
icity. To understand the high anti-tumor efficacy of
PBC-iPSC-NK cells, we compared KIR expression of PBC-
iPSC-NK cells and PB-NK cells. KIR genotyping showed
that donors of these different NK cells had diverse KIR
gene contents (Figures 7A, 7C, 7G, and 7I; Table S2). In
PB-NK cells, most KIR genes were actively expressed, as
verified at the mRNA level (Figure 7B; Table S2) and the
protein level (Figure 7K). In PBC-iPSC-NK cells, however,
transcription of KIR genes was undetectable, except for
KIR2DL4 gene, a framework KIR gene (Figures 7E, 7H,
and 7J; Table S2); phenotyping further confirmed this

finding, since expression of most KIRs was undetectable
on the cell surface by immunostaining with various anti-
KIR antibodies, although small populations of KIRZDL2/
L3/S2+ cells were observed (Figures 7L, 7M, and 7N). More-
over, the NK cell expansion process did not change KIR
expression in PBC-iPSC-NK cells, as demonstrated at the
mRNA (Figure 7F) and protein levels (Figures 70 and 7P).
These data showed that most PBC-iPSC-NK cells were
negative for the widely studied inhibitory KIRs: KIR2DL1,
KIR2DL2, KIR2DL3, KIR3DL1, and KIR3DL2. Such an
inhibitory KIR-negative phenotype makes PBC-iPSC-NK
cells insensitive to inhibition by KIR ligands, which may
account for their high anti-tumor cytotoxicity.

To understand whether the hPSC source or our differ-
entiation protocol is responsible for the KIR-negative
phenotype, we derived NK cells from two different hPSC
sources: an hESC line, H1, and a fibroblast-derived iPSC
line, iPSC#5.9, which was generated previously in our lab
(Yang et al., 2012) (Figure S2). KIR phenotyping showed
that most NK cells derived from these two hPSC sources
were also KIR negative (Figure S2). These results suggest
that the KIR-negative phenotype is not limited to the NK
cells derived from PBC-iPSCs. Other hPSC sources can
also be used to generate KIR-negative NK cells using our
differentiation protocol.

DISCUSSION

Allogeneic NK cells are currently being used in cancer
immunotherapy (Leung, 2014; Lim et al., 2015). To pro-
duce a large amount of these cells, donor-derived leukaphe-
resis products or PBMCs are processed through either
NK cell enrichment or NK cell expansion (Fujisaki et al.,
2009; Koehl et al., 2013; Lapteva et al.,, 2014). The use
of highly variable starting materials makes it difficult
to consistently produce NK cell products using such
manufacturing strategies. Moreover, these strategies have
poor scalability due to limited availability of donor cells.
The reliance on donor-derived NK cells also determines
that the final products express high-level KIRs. A suitable
NK cell donor has to be selected for a particular patient
to achieve a KIR-HLA mismatch and thus a better
clinical outcome (Benson and Caligiuri, 2014; Leung,
2014; Murphy et al., 2012; Thielens et al., 2012). This

Figure 3. Morphology, Purity, and Phenotype of PBC-iPSC-NK Cells
(A) Morphology of fifth differentiated cells and OP9-DLL1 co-culture, day 7 (day 47) starting with PBC-iPSC#9 (donor A).
(B) Morphology of PBC-iPSC#9-NK cells (donor A) after harvesting and purification by density gradient centrifugation using Ficoll-Paque

followed by overnight culture.

(C) Purity of PBC-iPSC#9-NK cells (donor A) as evaluated by flow cytometry.

(D) Phenotype of PBC-iPSC#9-NK cells (donor A).
(E) Phenotype of PBC1-iPSC#4-NK cells (donor B).
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requirement of a matched donor, in this case a KIR-HLA
mismatched donor, decides that such manufacturing
strategies can only produce “made-to-order” NK cell prod-
ucts, which cannot fulfill the urgent needs of cancer
patients. All these issues call for a different manufacturing
approach that produces “off-the-shelf” NK cell products. To
this end, we have demonstrated an overall production
scheme: from blood cells to stem cells and back with less
(less KIRs), to make such products. This PBC-iPSC-based
manufacturing strategy is standardizable and scalable,
which produces “off-the-shelf” KIR-negative NK cells that
may serve a wide range of recipients disregarding their
HLA genotypes in a timely manner.

To implement this production scheme under GMD, it
is important to embrace GMP early on by starting with
a GMP-compatible hPSC source. Among current hPSC
sources, hESCs are a safe option, but their derivations are
ethically controversial and their applications are strictly
allogeneic. In contrast, iPSCs have no ethical issue and
they can be applied in both autologous and allogeneic set-
tings. Various starting cells have been used to derive iPSC
lines (Gonzalez et al., 2011). The choice of starting cells
affects not only the efficiency and kinetics of reprogram-
ming, but also practicality in deriving GMP-grade iPSCs.
Although skin fibroblasts are most commonly used to
derive iPSC lines, they are not ideal for GMP. Deriving
skin fibroblasts requires collection of skin samples through
an invasive punch biopsy and a time-consuming process to
grow fibroblasts from skin sample (it takes up to 3 weeks),
and doing all these under GMP is a daunting task. Unlike
deriving skin fibroblasts, obtaining PBCs is much simpler:
it only requires blood sample collection through a routine
blood withdrawal and a simple isolation of mononuclear
cells using Ficoll-Paque, both of which are GMP ready.
Thus, we used PBCs to derive PBC-iPSC lines for NK cell
production. It is noteworthy that not all PBC-iPSC lines
are created equal in terms of NK cell production. Our find-
ings suggest that while using a T cell-derived PBC-iPSC line,
the rearranged TCR genes will re-express, which is not
desirable due to the risk of GVHD in allogeneic application.
To avoid such a consequence, one should only use non-T
cell-derived PBC-iPSC lines. For this reason, we also estab-

lished a reprogramming protocol using GMP-compatible
nucleofection to derive PBC-iPSC lines of non-T cell-origin.
With these verified non-T cell-derived lines, we successfully
demonstrated the production of NK cells from PBC-iPSCs.

Inducing hematopoietic differentiation of hPSCs is a
crucial first step for generating NK cells from hPSCs. One
approach is to co-culture hPSCs with bone marrow stromal
cells (e.g., S17 and M2-10B4) to obtain CD34+ hematopoi-
etic precursors (Knorr et al., 2013; Woll et al., 2005, 2009).
However, it requires co-culture for as long as 21 days and
subsequent sorting of CD34+ cells before differentiation
into NK cells. This cell-sorting step not only complicates
the protocol, but also reduces yield of NK cells because it
excludes many other hematopoietic progenitors that are
also competent for differentiation into NK cells. Another
approach is to form EBs (Tabatabaei-Zavareh et al., 2007)
and recently spin EBs (Knorr et al., 2013). Spin EB forma-
tion requires a prior time-consuming adaptation of hPSCs
to TrypLE digestion for at least ten passages on mouse
embryonic fibroblasts, which may not be easy for many
hPSC lines. To form spin EBs, TrypLE-adapted hPSCs are
seeded onto 96-well plates at a density of 3,000 cells per
well and spun down. This is followed by harvesting and
seeding spin EBs at a density of six spin EBs per well on
24-well plates for further NK cell differentiation. Techni-
cally, spin EB approach is labor-intensive, skill-demanding,
and difficult for large-scale production. Inherently, the
hematopoietic progenitors generated via spin EB formation
are variable and inconsistent, which may result in high
variation in later NK cell development. It has been demon-
strated that the adaptation of hPSCs to TrypLE digestion is
not necessary for hPSC aggregation, since the inclusion of
ROCK inhibitor in the medium is sufficient for any hPSCs
to form aggregates in U-bottomed 96-well plates following
TrypLE dissociation (Lancaster et al., 2013; Nakano et al.,
2012). However, it remains to be tested whether the use
of ROCK inhibitor will affect the differentiation of hPSCs
into NK cells. To develop a practical protocol, we revisited
the co-culture approach using OP9, a classical M-CSF-
deficient stromal cell line, which has been reliably used
to generate dendritic cells from hPSCs in our previous
studies (Zeng et al., 2012, 2015; Zeng and Wang, 2014).

Figure 4. Functions of PBC-iPSC-NK Cells

(A and B) IFN-vy secretion by PBC-iPSC#9-NK cells (donor A) upon stimulation with K562 and Raji cells as detected by ELISPOT assay.
ELISPOT images (A) and spot counting (mean + SD, n = 3) (B) are shown.
(Cand D) GrB secretion by PBC-iPSC#9-NK cells upon stimulation with K562 cells as detected by ELISPOT assay. ELISPOT images (C) and

spot counting (mean = SD, n = 3) (D) are shown.

(E and F) Cytotoxicity of PBC-iPSC#9-NK cells against K562 and Raji cells as measured by flow cytometry. A representative flow cytometric

analysis (E) and a result summary (F) are shown.

(G and H) ADCC of PBC-iPSC#9-NK cells against Raji cells in the presence of anti-CD20 humanized antibody as measured by flow cytometry.
A representative flow cytometric analysis (G) and a result summary (H) are shown. These data are representative of three independent

experiments.
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Figure 5. Expansion of Fresh and Cryopreserved PBC-iPSC-NK Cells

(A and B) Expansion of fresh PBC-iPSC#9-NK cells by K562-mbIL15-41BBL in G-Rex10 starting with different NK cell numbers. Absolute
numbers of NK cells during a 14-day expansion (A) and fold changes after expansion (B) are shown.

(C and D) Phenotype (C) and cytotoxicity against K562 (D) of fresh PBC-iPSC#9-NK cells after expansion as measured by flow cytometry.
(E) Viability of expanded PBC-iPSC#9-NK cells after freeze/thaw procedure.

(F) Expansion of cryopreserved PBC-iPSC#9-NK cells.

(G) Cytotoxicity of cryopreserved PBC-iPSC#9-NK cells against K562 after expansion. These data are representative of three independent

experiments.

By co-culturing with OP9, efficient hematopoietic differen-
tiations of hESCs and PBC-iPSCs have been consistently
achieved within 12 days, which is significantly shorter
than using other stromal cell lines. Without sorting
CD34+ cells, harvested hematopoietic cells can be directly
used for further differentiation. Thus, using OP9 to induce

1806 Stem Cell Reports | Vol. 9 | 1796—1812 | December 12,2017

hematopoietic differentiation can significantly simplify
the manufacturing process.

Promoting lymphoid commitment of hematopoietic
progenitors by further co-culturing them with stromal
cell lines is the second step for generating NK cells from
hPSCs. Although stromal cell lines, such as MS-5 and
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AFT024, have been used, the resulting cells were heteroge-
neous populations containing both CD56+ and CD56—
cells (Vodyanik et al., 2005; Woll et al., 2005, 2009).
Improved NK development was observed using a stromal
cell line ELO8-1D2 (McCullar et al., 2008); however, its effi-
cacy was only demonstrated with sorted CD34+ cells or
spin EBs (Knorr et al., 2013; Woll et al., 2009). Knorr et al.
(2013) also demonstrated that hPSC-derived stromal cells
support NK cell development from hematopoietic progen-
itor cells. However, in terms of robustness, hPSC-derived
stromal cells were even less efficient than the EL0O8-1D2
cells; the formers could only produce NK cells with 76.4%
purity from UCB CD34+ cells, while the latter produced
96.7% (Knorr et al., 2013). To provide a robust microenvi-
ronment for NK cell development, we used OP9-DLL1, a
modified OP9 cell line expressing Notch ligand DLLI,
together with an NK cell-promoting cytokine cocktail
(SCF, FLT3L, IL-7, and IL-15). This is because activation of
Notch signaling pathway is vital for development of innate
lymphoid cells (De Obaldia and Bhandoola, 2015). Notch
ligand DLL1 suppresses B cell development and promotes
NK cell development from human cord blood CD34+ cells
(Jaleco et al., 2001). Moreover, DLL1 is able to augment the
proliferation of primitive hematopoietic progenitor in vitro
(Karanu et al., 2001), thus providing a potential benefit to
increase the yield of NK cells from hPSCs. In this study,
we have demonstrated that, using OP9-DLL1 as feeders,
heterogeneous hematopoietic cells harvested from PBC-
iPSC/OP9 co-cultures can be directly seeded to generate
NK cells. The end products were homogeneous CDS56+
CD45+ lymphoid populations.

Hence, through sequential hematopoietic differentiation
on OP9 cells and lymphoid commitment on OP9-DLL1
cells, we have established a robust protocol to generate
high-purity, functional, and expandable PBC-iPSC-NK
cells. Most of these PBC-iPSC-NK cells have a KIR-negative
phenotype, which has an interesting implication for
their clinical use. Unlike PBC-iPSC-NK cells, conventional
donor-derived NK cells express high-level KIRs and require
KIR-based therapeutic intervention to improve clinical
outcome (Benson and Caligiuri, 2014; Leung, 2014;
Murphy et al., 2012; Thielens et al., 2012). Besides using

NK cells derived from a KIR-HLA mismatched donor, a
blocking anti-KIR antibody that binds KIR2ZDL1/L2/L3
has also been used in clinical trials to reduce inhibition
imposed by HLA-C alleles on NK cells (Benson et al.,
2012, 2015; Vey et al., 2012). As a further expansion of
this concept, development of a KIR-negative NK cell
source may obliterate the need of KIR-based intervention.
Without KIR expression, such NK cells are unrestricted by
HLA phenotypes of recipients and thus can be developed
into universal “off-the-shelf” NK cell products. Practically,
it would be difficult to generate such cells by downregulat-
ing KIR expression of the KIR-positive donor-derived NK
cells due to the complexity of the KIR gene family. How-
ever, in this study, we have proved that it is possible to
produce such KIR-negative NK cells through de novo gener-
ation from hPSCs. This is likely resulting from our differen-
tiation protocol rather than the source of hPSCs, since the
KIR-negative phenotype was observed in NK cells gener-
ated from PBC-iPSCs, as well as hESCs and fibroblast-
derived iPSCs. Phenotypically, these hPSC-derived NK cells
express most typical receptors and surface molecules of NK
cells except KIRs; functionally, they are fully competent:
they secrete cytokines, release GrB upon stimulation, and
are capable of killing target cells via direct recognition
and ADCC. After short-term expansion by feeder cells,
these NK cells become more potent in cytotoxicity, but
remain KIR negative. This population is similar to the
KIR-negative “pseudomature lytic NK cells” derived from
human CD34+ cells after prolonged culture with IL-15
(Colucci et al., 2003), and may represent a particular stage
of NK cell development. Compared with previous studies
that generated KIR-positive NK cells from hPSCs (Knorr
etal., 2013; Woll et al., 2005, 2009), one distinct difference
is the use of OP9-DLL1 in this study to direct differentiation
of precursor cells into NK cells. However, whether acti-
vating Notch signaling pathway by DLL1 is responsible
for generating the KIR-negative phenotype in the derived
NK cells remains to be elucidated.

Our overall approach may facilitate manufacturing of
NK cells from hPSCs due to the following technical
specifications: (1) our starting material PBC-iPSCs are a
highly accessible and GMP-compatible hPSC source;

Figure 6. Cytotoxicity of PBC-iPSC-NK Cells against Cancer Cells

Three different sources of PBC-iPSC-NK cells, including PBC-iPSC#9-NK cells (donor A), PBC1-iPSC#4-NK cells (donor B), and PBC2-iPSC#12-
NK cells (donor C), were used for cytotoxicity assay against a wide variety of cancer cell lines: K562 (A), SK-0V-3 (B), SW480 (C), HCT-8 (D),
MCF7 (E), and SCC-25 (F). PB-NK cells expanded from three different donors (donor 1, donor 2, and donor 3) were used as controls. (G-I) A
short-term cultured primary tumor cell line CRC7.4 was derived from a colorectal cancer sample and characterized by immunostaining (G-J)
and flow cytometry (K). These primary tumor cells were then use as target cells to evaluate the cytotoxicity of PBC-iPSC#9-NK cells (L).
PB-NK cells expanded from three donors (donor 4, donor 5, and donor 6) were used as controls. Student’s paired two-tailed t test was
used to analyze the difference between the specific lysis of target cells by PBC-iPSC-NK cells and that by PB-NK cells. The p values
were calculated for each type of target cell and a p value less than 0.05 was considered to be statistically significant. These data are

representative of three independent experiments.
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(2) our differentiation approach, which excludes cell sort-
ing, EB formation, and spin EB formation in the process,
and includes the use of OP9-DLL1 cells to provide active
Notch signaling to induce lymphoid commitment, is
more robust and practical; (3) the produced PBC-iPSC-NK
cells are a high-purity and functional population, obvi-
ating the need for T and B cell depletion or NK cell enrich-
ment; (4) both fresh and cryopreserved PBC-iPSC-NK cells
can be expanded in a short period of time, which eases
the logistics of manufacturing and transporting of these
products; (5) further functional maturation and clinical-
scale production can be achieved by cell expansion
(starting with 3 x 10° PBC-iPSCs, 15 x 10° NK cells can
be generated in 47 days; using feeder cells, these NK cells
can be further expanded by 74-fold in 9-14 days; thus, by
combining the differentiation and expansion processes, a
total number of 1.1 x 10° potent NK cells can be produced
to meet the clinical requirements not only in quantity but
also in quality); and (6) most PBC-iPSC-NK cells are KIR
negative, which may serve as a universal “off-the-shelf”
cell source for various recipients. Interestingly, starting
with an autologous PBC-iPSC line, it is possible to generate
autologous KIR-negative NK cell source to be used under an
autologous setting without worrying about the inhibition
imposed by self HLA molecules. With a reduced risk of im-
mune rejection, these autologous PBC-iPSC-NK cells may
survive longer and thus provide a prolonged anti-tumor
activity. However, it is noteworthy that the presented
system relies on two stromal cell lines to differentiate
hPSCs into NK cells that possess the above-mentioned
unique product features. These cell lines could be the sour-
ces of cost and logistic problems during manufacturing. To
further simplify the production process, the development
of chemically defined coating matrix proteins that compe-
tently replace these cell lines could be certainly helpful.

In summary, we have established a “from blood cells to
stem cells and back with less” strategy to mass-produce
“off-the-shelf” NK cells from PBC-iPSCs for a wide range
of recipients.

EXPERIMENTAL PROCEDURES

Generation of NK Cells from hPSCs
To generate NK cells from hPSCs, we established a two-stage
protocol. In the first stage, OP9 cells were seeded on 0.1% gelatin

(STEMCELL Technologies)-coated T75 flasks. Upon confluence,
the cultures were fed by changing half of the medium and over-
grown for 4-6 days. A total of 1-1.5 x 10° hPSCs were then seeded
and differentiated on the overgrown OP9 cells in alpha minimum
essential medium (a-MEM) supplemented with 20% fetal bovine
serum (FBS) for 12 days. The hPSC/OP9 co-cultures were fed every
4 days by changing half of the medium. In the second stage, the
differentiated cells were harvested from the hPSC/OP9 co-cultures
using 1 mg/mL Collagenase Type IV (STEMCELL Technologies)
and TrypLE Express (Thermo Fisher Scientific). OP9 cells were
removed by plastic adherence for 45 min and the cell clumps
were further removed by 100 um cell strainers (BD Biosciences).
The remaining non-adherent cells were then co-cultured with
OP9-DLL1 cells grown on T75 flasks using a-MEM containing
20% FBS, 10 ng/mL SCF (PeproTech), 5 ng/mL FLT3L (PeproTech)
together with 5 ng/mL IL-7 (PeproTech), and/or 10 ng/mL IL-15
(PeproTech) for 7 days. Hereafter, the differentiated cells were
harvested using Versene (Thermo Fisher Scientific) and co-cultured
on new OP9-DLL1 cells grown on six-well plates on a weekly basis
for another 3—-4 weeks. After the final co-culture, the harvested cells
were further purified by density gradient centrifugation using
Ficoll-Paque PLUS (GE Healthcare Life Sciences) followed by over-
night culture.

Generation of PBC-iPSCs

To generate iPSCs from PBCs, two different reprogramming
protocols were established: one was using Sendai viral vectors
(Thermo Fisher Scientific), while the other was using episomal
reprogramming vectors (Thermo Fisher Scientific) as described in
the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, two figures, and three figures and can be found
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Supplemental Experimental Procedures

Cell culture. A hESC line, H1 (WiCell Research Institute, Madison, WI, http://www.wicell.org) and a
previously generated fibroblast-derived iPSC line, iPSC#5.9', were cultured with mTeSR1 (StemCell
Technologies, Vancouver, BC, Canada, http://www.stemcell.com) on Matrigel (BD Biosciences, San Diego,
CA, http://www.bdbiosciences.com) -coated six-well plates. Cell lines: OP9, K562, Raji, SK-OV-3, SW480,
HCT-8, MCF-7 and SCC-25 (American Type Culture Collection [ATTC], Manassas, VA, http://www.atcc.org)
were cultured as recommended by ATCC. Cell line OP9-DLL1 (Riken BRC Cell Bank, Ibaraki, Japan,
http://cell.brc.riken.jp/en/) was cultured in o-MEM (Thermo Fisher Scientific, Waltham, MA,
http://corporate.thermofisher.com) supplemented with 20% fetal bovine serum (FBS) (HyClone, Logan, UT,
http://www.hyclone.com). Cell line K562-mbIL15-41BBL (kindly provided by Dr. D. Campana, Yong Loo Lin
School of Medicine, National University of Singapore) was cultured in IMDM (Thermo Fisher Scientific)
supplemented with 10% FBS.

Generation of PBC-iPSCs. To generate iPSCs from PBCs, frozen PBMCs from a healthy donor (StemCell
Technologies) were thawed and cultured with 5 pg/ml phytohemagglutinin (PHA; Sigma-Aldrich, St Louis,
MO, http://www.sigmaaldrich.com) for 2 days in complete RPMI 1640 medium, which is composed of RPMI
1640, 10% heat-inactivated human serum AB (Gemini Bio-Products, West Sacramento, CA,
http://www.gembio.com), 2 mM L-glutamine (Thermo Fisher Scientific) and 0.1 mM nonessential amino acids
(Thermo Fisher Scientific). The cultured blood cells were then transduced with Sendai reprogramming vectors
from a CytoTune iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific) at MOI of 5:5:3 (KOS, hc-
Myc, hKIf4) in complete RPMI 1640 medium containing 10 ng/ml of IL-2, IL-7 and IL-15 overnight. The
transduced cells were then washed and cultured for 5 days before seeding to a six-well plate grown with
mitomycin C (Sigma-Aldrich) -treated mouse embryonic fibroblasts (mEFs). Half of medium was replaced on
day 1 to 3 after seeding with iPSC medium, which is composed of DMEM/F12 (Thermo Fisher Scientific), 20%
knockout serum replacement (Thermo Fisher Scientific), 2 mM L-glutamine, 1% nonessential amino acids, 0.1
mM 2-mercaptoethanol and 5 ng/ml basic fibroblast growth factor (PeproTech). Three to four weeks after
seeding, the resulting iPSCs were first expanded on mEFs in iPSC medium and later on Matrigel-coated plates
in mTeSR1.

To generate non-T cell-derived PBC-iPSCs, PBMCs from healthy donors were cultured in CD34+ cells
enrichment medium, which is composed of StemPro-34 medium (Thermo Fisher Scientific), 100 ng/ml SCF, 50
ng/ml 1L-3 (PeproTech) and 25 ng/ml GM-CSF (PeproTech) for three days. At day 0, episomal reprogramming
vectors from a Epi5 Episomal iPSC Reprogramming Kit (Thermo Fisher Scientific) were delivered into the
cultured PBMCs via nucleofection using a Amaxa Nucleofector 2b (Lonza, http://www.lonza.com). The
nuleofected cells were then seeded on mitomycin C-inactivated mEFs in CD34+ cell enrichment medium. On
day 2, the cells were adapted to a 1:1 mixture of CD34+ cells enrichment medium: iPSC medium. From day 3
on, the cells were cultured in iPSC medium, which was changed every other day. Two to four weeks after
seeding, iPSC colonies were picked and expanded in Matrigel-coated six-well plates in mTeSR1.

TCRB and TCRG gene clonality assays. Genomic DNA was isolated from PBC-iPSCs using a DNeasy Blood
and Tissue Kit (Qiagen, https://www.giagen.com) according to the manufacturer’s instruction. To detect TCRf
and TCRy gene rearrangement in genomic DNA, PCR was carried out with master mixes provided in TCRB and
TCRG Gene Clonality Assay kits (Invivoscribe Technologies, San Diego, CA, http://www.invivoscribe.com)
and AmpliTag Gold DNA polymerase (Thermo Fisher Scientific) using the following program: 95°C for 7
minutes; 35 amplification cycles (95°C for 45 seconds, 60°C for 45 seconds, 72°C for 90 seconds); and final
extension of 72°C for 10 minutes before holding at 15°C. PCR products were separated by electrophoresis in 2%
MetaPhor Agarose (Lonza, http://www.lonza.com) gel.

Flow cytometry. To study phenotypic change during hPSC differentiation, cells were harvested and stained
using antibodies against CD34 (BD Biosciences, cat#550761 and cat#555824), CD43 (BD Biosciences,
cat#555475), CD45 (BD Biosciences, cat#555483 and cat#557748), CD56 (BD Biosciences, cat#555518),
TCRof (BD Biosciences, cat#564728), CD3 (BD Biosciences, cat#555333 and cat#561811), CD4 (BD
Biosciences, cat#557852), CD8 (BD Biosciences, cat#555634), CD19 (BD Biosciences, cat#561741), CD14
(Thermo Fisher Scientific, cat#12-0149-42), NKp30 (BD Biosciences, cat#558407), NKp44 (BD Biosciences,
cat#558563), NKp46 (BD Biosciences, cat#557991), NKG2D (BD Biosciences, cat#557940), NKG2A
(Beckman Coulter, cat#1M3291U), CD94 (Thermo Fisher Scientific, cat#12-0949-42), CD16 (BD Biosciences,
cat#560995), FasL (BD Biosciences, cat#564261), TRAIL (BD Biosciences, cat#561784), DNAM-1 (BD
Biosciences, cat#559789), CD158ah (KIR2DL1/S1) (Beckman Coulter, cat#A09778), CD158b
(KIR2DL2/L3/S2) (Miltenyi Biotec, cat#130-092-618), CD158f (KIR2DLS5) (Miltenyi Biotec, cat#130-096-
199), CD158i (KIR2DS4) (Miltenyi Biotec, cat#130-092-680), CD158el/e2 (KIR3DL1/S1) (Beckman Coulter,



cat#lM3292) and CD158e/k (KIR3DL1/L2) (Miltenyi Biotec, cat#130-095-205) and analyzed with a
FACSCalibur flow cytometer (BD Biosciences). Isotype controls were used accordingly for flow cytometry.

ELISPOT assay. To detect IFN-y secretion, a Human IFN-y ELISpotPro kit (MABTECH, Nacka Strand,
Sweden, https://www.mabtech.com) was used. In brief, 0 to 10x10* PBC-iPSC-NK cells and 5x10* K562 or
Raji cells were cocultured on a IFN-y ELISPOT plate overnight. IFN-y spots were stained according to the
manufacturer’s manual. To measure GrB secretion, a Human Granzyme B ELISpot Kit (R&D Systems,
Minneapolis, MN, https://www.rndsystems.com) was used. In brief, 0 to 1.2x10* PBC-iPSC-NK cells were
incubated with or without 5x10* K562 cells on a human GrB microplate for 4 hours. GrB spots were then
stained as described in the manufacturer’s manual. IFN-y and GrB spots were counted using an ImmunoSpot
Analyzer (CTL, Shaker Heights, OH, http://www.immunospot.com).

Cytotoxicity and ADCC assay. To detect direct cytotoxicity of PBC-iPSC-NK cells against target cells, a flow
cytometry-based method was used. In brief, 0 to 0.5x10° PBC-iPSC-NK cells were cocultured with 2x10*
carboxyfluorescein diacetate succinimidyl ester (CFSE; Thermo Fisher Scientific) -labelled cancer cells at
various effector to target (E:T) ratios for 4-6 hours. Samples were then stained on ice with 7-Amino-
Actinomycin D (7-AAD, BD Biosciences) for 10 minutes. After washing, target cell death was assessed with
flow cytometer by the percentage of 7-AAD-stained cells in CFSE-positive population. To evaluate ADCC
function of PBC-iPSC-NK cells, cocultures of NK cells and CFSE-labelled Raji cells were set up at the
indicated E:T ratios in the presence of human IgG1 (Sigma-Aldrich), anti-CD20-mlgG1 (InvivoGen, San Diego,
CA, http://www.invivogen.com) or anti-CD20-hlgG1 (InvivoGen) of various concentrations, Raji cell death was
measured after 4-hour incubation by flow cytometry as described above.

Expansion of fresh and cryopreserved PBC-iPSC-NK cells. To expand fresh PBC-iPSC-NK cells, 0.25-
1x10° purified NK cells were cocultured with y- irradiated (100 Gy) K562-mblL15-41BBL cells at an NK cell:
feeder cell ratio of 1:10 in gas-permeable G-Rex10 flasks (Wilson Wolf Manufacturing, New Brighton, MN,
http://www.wilsonwolf.com) in 40 ml CellGro SCGM serum-free medium (Cell Genix, Freiburg, Germany,
http://www.cellgenix.com) supplemented with 10% FBS, 20 IU/ml IL-2 (PeproTech), 10 ng/ml SCF, 5 ng/ml
FLT3L, 5 ng/ml IL-7 and 10 ng/ml IL-15. Fresh cytokines were replenished every 2-3 days and 30 ml medium
was replaced with fresh medium every 5 days during the 14-day expansion. Numbers of NK cells were counted
at every medium change. To cryopreserve PBC-iPSC-NK cells, NK cells were resuspended in cold CryoStor
CS10 (BioL.ife Solutions, Bothell, WA, http://www.biolifesolutions.com/) and frozen at -80°C in a Mr. Frosty
(Thermo Fisher Scientific) overnight before storing in liquid nitrogen. To study the expansion of cryopreserved
PBC-iPSC-NK cells, the NK cells were thawed and cell viability and live cell number were determined before
and after coculture with K562-mblL15-41BBL.

Expansion of donor-derived PB-NK cells. To derive PB-NK cells, 2x10° PBMCs from healthy donors were
cocultured with 4x10° y-irradiated (100 Gy) K562-mblIL15-41BBL cells in CellGro SCGM serum-free medium
supplemented with 10% FBS and 50 1U/mL IL-2 using T75 flasks in upright position. Half of the medium was
replaced with fresh medium and fresh IL-2 was replenished every 2-3 days until day 7. Hereafter, 2x10° cells
were re-stimulated weekly with 2x10° K562-mblIL15-41BBL cells for another two weeks. The cells were
harvested on day 21 for experiments.

Derivation of primary tumor cells. To test the cytotoxicity of NK cells against primary tumor cells, short-term
cultures of primary tumor cells were established from fresh colorectal cancer samples using a protocol described
previously?. The samples were obtained from patients under treatment at National Cancer Centre Singapore and
the study was approved by local Institutional Review Board. In brief, the tumor samples were finely minced and
further dissociated into very small tissue fragments by vigorous pipetting. The tissue fragments were then
resuspended in AR-5 initiation medium 2 and grown in cell culture dishes to establish primary cultures. Upon
heavy growth of tumor cells, the adherent colonies were scraped off under a stereomicroscope for further
culture. Such derived pure cancer cells were then propagated in RPMI 1640 medium supplemented with 10%
FBS. These cancer cells were characterized by immunostaining using antibodies against cytokeratin (Miltenyi
Biotec, cat#130-080-101), vimentin (BD Biosciences, cat#562337), CD133 (BD Biosciences, cat#566593),
CK20 (Santa Cruz, cat#sc-271183) and flow cytometry using antibodies against CD133, CD44 (Miltenyi
Biotec, cat#130-095-177) and EpCAM (Miltenyi Biotec, cat#130-091-254) and then used as target cells in
cytotoxicity assay between passage 10 to 12.

KIR typing. To detect KIR genes on genomic DNA level and to analyze of KIR expression on mRNA level, a
KIR typing kit (Miltenyi Biotec) was used according to manufacturer’s instruction.
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Fig. S1: CD4S5 expression in OP9 and OP9-DLL1. OP9 and
OP9-DLL1 cells were stained by an anti-human CD45 monoclonal

antibody and its isotype control. Flow cytometric analysis showed
no CD45 expression in both OP9 and OP9-DLL1.



Figure S2 H1-NK
CD56+CD45+ -gated

23%

Counts>

NKG2A->

Counts>

CD9%4-> CD16~> FasL->

1% 8% 9% 7% 2% 9%

KIR2DL1/S1> KIR2DL21L3/S2> KIR2DL5>  KIR2DS4>  KIR3DL1/S1> KIR3DLA/L2->

iPSC#5.9-NK
CD56+CD45+ -gated

21%

NKG2D-> NKG2A->

Counts>

| 80%
AL | .Il‘
T &
= |
S
@]
o |
TRAIL-> DNAM-1->
8 1% 2% 6% 9% 3% 3% 7%
(@)
ctrl> KIR2DL1/S1> KIR2DL2/L3/S2-> KIR2DL5> KIR2DS4-> KIR3DL1/S1-> KIR3DL1/L2>

Fig. S2: Phenotype of NK cells generated from hESCs and fibroblast-derived iPSCs. A
hESC line, H1 and a fibroblast-derived iPSC line, iPSC#5.9 were used to generate NK cells.




Table S1: A Cytokine Cocktail Improved Purity and Yield of PBC-iPSC-NK Cells

il i SCF, FLT3L SCF, FLT3L SCF, FLT3L
y +IL-7 +IL-15 +IL-7, IL-15

N ™ ]

? 3 3

0 ] i o ] @ | PHT
C%50;+ Fsc> 1 ' Fsc> l ' FSC>
CD45+ Scatter-gated Scatter-gated Scatter-gated
(purity) i 99% 99%

0\ ~ 2

CD56> CD56~> CD56>
C:;g(; 0.21x108 + 0.18x108 0.75x108 + 0.43x106 7.93x108 + 0.18x108
CD45+ per 3x108 iPSCs per 3x10% iPSCs per 3x10% iPSCs
(mean £ SD, n=4, d40) (mean % SD, n=3, d40) (mean = SD, n=6, d40)

(yield)



Table S2: KIR Genotype and mRNA Expression of PBC-iPSC-NK Cells

KIR gene 2DL1[2DL2|2DL3|2DL4 | 2DL5all | 2DL5A | 2DL5B | 2DS1 [ 2DS2 | 2DS3 | 2DS4del | 2DS4ins | 2DS5 [3DL1|3DL2|3DL3 | 3DS1 | 2DP1 | 3DP1
KR e+ |+ +] - R T A + | - +[+]+]|-]+]+
PB-NK |_genotype
(Donor 4) | KIR mRNA + + + + _ _ _ _ _ - + + - + + - - TP +
expression
PBC- KIR
iPSC#9- | genotype + + + + - - - - + _ * . - hl hl hl - * *
NK KIR mRNA + - - - - - - - -
(Donor A) | expression - - - - - - - - - -
PBC1- KIR
iPSC#4- | genotype i B v v + + + + - - + - + + + + * * *
NK  [KIRmRNA I _ T . _ SR IR R IR I R
(Donor B) | expression | " - - - -
PBC2- KIR
iPSC#12- | genotype | ~ - i - - - - N - + + - - Tt . * *
NK KIR mRNA
(Donor C) | expression | ~ - - + " " - - - - + + - - - - - + -




Table S3: Comparison of Previous and Current Technologies for Production of NK Cells from hPSCs

Color Code Pro | Con Neutral
Previous Technology Described by Knorr et al, 2013 Current Technology Presented by Zeng et al, 2017
Protocol B - Feeder-dependent Protocol C - Feeder-free
Protocol A - Feeder-dependent . ”p . N
Protocols protocol #2: "spin EBs" for stage | protocol: "spin EBs" for stage I; |Protocol D - Feeder-dependent protocol: stromal cells

protocol #1: stromal cells M210-B4 for
stage |; stromal cells EL08-1D2 for

I; stromal cells ELO8-1D2 for
stage II; expansion with aAPCs

feeder-free method for stage II;
expansion with aAPCs for stage

OP9 for stage |; stromal cells OP9-DLL1 for stage Il;
expansion with aAPCs for stage Ill.

it I
stage for stage Ill. .
hESCs H1, H9 H9 H9 H1
Fibroblast-derived iPSCs BJ1-iPSC, DRiPS16 not tested not tested iPSC#5.9

UCB-derived iPSCs UCBiPS7 UCBIPS7 not tested not tested

PBC-iPSC#9, PBC1-iPSC#4, PBC2-iPSC#12 [Comment:
Starting hPSCs Generation of GMP-ready iPSCs from PBCs is "a
PBC-derived iPSCs not tested not tested not tested DT (IRPCCENR fEE (B i e o e, fie

feasibility to use these PBC-derived GMP-ready iPSCs
to generate NK cells has never been demonstrated
previously.]

Stage I: Method for
differentiating hPSCs to
precursor cells

Cell processing

Feeder-dependent method: Coculture
hPSCs with stromal cells M210-B4.
[Comment: "the use of murine
stromal layers does not absolutely
prohibit clinical translation if master
cells banks are used." - a direct quote
from Knorr et al, 2013]

"Spin EB" method: Step 1 - Adaptation of hPSCs to TrypLE:
Passage hPSCs using TrypLE on mEFs (mouse embryonic
fibroblasts) for at least 10 passages; Step 2 - Spin EB formation:
Seed TrypLE-passaged hPSCs on 96-well plate at 3000 cells/well;
spin to aggregate the cells; culture to form EBs. [Comments: 1.
mEFs are mouse cells. Thus, the described spin EB method is not a
xeno-free process; 2. Spin EB formation is laborious.]

Feeder-dependent method: Coculture hPSCs with
stromal cells OP9. [Comment: "the use of murine
stromal layers does not absolutely prohibit clinical
translation if master cells banks are used." - a direct
quote from Knorr et al, 2013]

RPMI1640 + 15% FBS [Comment: There
are gamma-irradiated GMP-grade FBS

Step 1 - Adaptation of hPSCs to TrypLE: Undescribed medium;
Step 2 - Spin EB formation: BPEL medium + SCF, BMP-4 and VEGF.

oMEM + 20% FBS [Comment: There are gamma-

N [C 1. Und ibed Jium was used for adaptation; N . N
. from different urers such as N . ) irradiated GMP-grade FBS from different
Medium . . not sure if it is xeno-free; 2. BPEL (bovine serum albumin )
Lonza, Gibco and Hyclone, which can L it ) e bovine manufacturers such as Lonza, Gibco and Hyclone,
q polyviny " q
be used for GMP-complying cell T AT, TS, (e e i D ree B e rare which can be used for GMP-complying cell culture.]
culture.]
free process.]
Step 1 - Adaptation of hPSCs to TryplLE: at least 10 passages (~10
weeks); Step 2 - Spin EB formation: 11 days. [Comment: Knorr et
al. have used a laborious TrypLE adaptation approach. This
approach is not necessary for hPSC aggregation, since the 12 days [Comment: Protocol D has the shortest
Duration 21 days lusion of ROCK i in the is sufficient for any |duration for stage | comparing with Protocol A, B and

hPSC to form aggregates in U-bottom 96-well plates following
TrypLE dissociation. However, it remains to be tested whether
the pretreatment with ROCK inhibitor will affect the
differentiation of hPSCs into NK cells.]

cl

Precursor cell processing

Sorting CD34+CD45+ cells

No cell sorting required

No cell sorting required

Stage Il: Method for
differentiating precursor
cells to NK cells

Cell processing

Feeder-dependent method: Coculture
sorted CD34+CD45+ cells with stromal
cells EL08-1D2. [Comment: "the use of
murine stromal layers does not
absolutely prohibit clinical translation
if master cells banks are used." - a
direct quote from Knorr et al, 2013]

Feeder-dependent method:
Transfer 6 wells of spin EBs from
96-well plate into one well of 24-

well plate pre-seeded with
stromal cells ELO8-1D2.
[Comment: It is laborious for
scale-up production.]

Feeder-free method: Transfer 6
wells of spin EBs from 96-well
plate into one uncoated well of
24-well plate. [Comment: It is
laborious for scale-up
production.]

Feeder-dependent method: Coculture harvested
differentiated cells with stromal cells OP9-DLL1.
[Comment: "the use of murine stromal layers does
not absolutely prohibit clinical translation if master
cells banks are used." - a direct quote from Knorr et
al, 2013]

AMEM + 20% FBS + SCF, FLT3L, IL-7, IL-15 [Comment:
There are gamma-irradiated GMP-grade FBS from

hPSC-derived NK cells
(before expansion)

N Unknown medium + NK cell initiaiting cytokines. [C : Undi ibed lium was used, not sure if it ) .
Medium Eramieal different manufacturers such as Lonza, Gibco and
: Hyclone, which can be used for GMP-complying cell
culture.]
Duration 28-35 days 28-35 days
~0.72e6 NK cells per 1.8e4 H9
~1e6 NK cells per 1.8e4 H9 cells X ®
X cells (Fig. 3A). [Comment: Only X
(Fig. 3A). [Comment: Only H9 15e6 NK cells per 3e6 PBC-iPSCs [Comment: These NK
H9 cells were used to test
N . cells were used to test Protocol B cells can be further expanded by up to 74-fold and
Yield ?, not described N Protocol B. It is not sure N
B. It is not sure whether N the number of expanded NK cells (1.1e9) is enough
. . whether Protocol B is - N
Protocol B is applicable to other N for clinical application.]
. applicable to other hPSC
hPSC lines/sources.] N
lines/sources.]
?, not described. [Comment: As
?, not described [Comment: As | estimated from Fig. 2C (FSC v
estimated from Fig. 2C (the FSC | CD56 dot plot of ES-derived NK
CD56 dot plots for ES-derived lls -EL08), th
Purity ?, not described v ot p ots for e.rlve cells R Jathiere was.a up to 99%
NK cells +ELO8 and UCBiPS- substantial CD56-negative
derived NK cells +EL08), the population. The derived
purities seemed reasonable.] population might not be high-
purity.]
high-level KIR expression (Fig. 1C and Fig. 2C). [Comment: Binding of KIR ligands to KIRs suppresses KIR-negative. [Comment: A unique KIR-negative
cytotoxicity of donor NK cells against patient's cancer cells. To improve clinical outcome, elaborately phenotype renders PBC-iPSC-NK cells unrestricted by
selecting an NK cell donor for a particular patient to obtain a KIR-HLA mismatch in an anti-cancer reciepient's HLA genotypes and thus potent
Phenotype direction is critical. Besides using NK cells derived from a KIR-HLA mismatched donor, a blocking anti-KIR cytotoxicity against cancer cells. Since KIR-based

antibody has also been used in clinical trials to reduce inhibition of NK cells via KIR signaling. These
suggest that NK cells with high-level KIR expression may only be applicable in a certain group of patients
and high-level KIR expression is not a desirable feature for "off-the-shelf" application.]

therapeutic intervention is unnecessory, PBC-iPSC-NK
cells may serve as a universal "off-the-shelf" cell
source for many recipients.]

Cytoxicity against NK-
sensitive K562 cells
(Potencies of NK cells
generated using various
protocols and PB-NK are
compared.)

NK cells generated from Protocol A
only killed 37% of K562 cells at E:T ratio
of 10 (supplemental Fig. 2). [Comment:
NK cells generated with Protocol A are

not potent.]

NK cells generated from Protocol B and Protocol C killed up to 75%
of K562 at E:T ratio of 10 (Fig. 2D). [Potency ranking: Protocol B =
Protocol C = PB-NK.]

NK cells generated from Protocol D killed up to 90% of
K562 at E:T ratio of 10. [Potency ranking: Protocol D >
Protocol B = Protocol C = PB-NK > Protocol A]

Cytotoxicity against
multiple myeloma cell
lines

not tested

Potency ranking: PB-NK > Protocol B > Protocol C (Fig. 4B).
[Comment: NK cells generated from Protocol C have the worse
potency among three tested NK cell populations. This is further

not tested

supported by the IFN-y and CD107a data (Fig. 4A).]




Cytotoxicity against

Potency ranking: PB-NK >

Stage Ill: Method to
expand hPSC-derived NK
cells

Expanded hPSC-derived
NK cells

pancreatic cancer cell lines fottesied Protocol B (Fig. 4B) fottesied fottesied
H9-derived NK cells were cocultured with 9.mblIL-21 aAPC with a | PBC-iPSC-derived NK cells were cocultured with K562-
aAPC:NK ratio of 2:1 on day 0 and with a ratio of 1:1 weekly mblL15-41BBL with a aAPC:NK ratio of 10:1 on day 0.
thereafter until d70. [Comments: 1. Laborious cell processing: Expanded NK cells are harvested between day 9 -14.
. There were 10 cocultures required during the 70-day process; 2. [C 1. Easy cell pr ing: Only need one
Cell processing not tested . N P .
Requirement of a large and undefined number of aAPCs: Need to | coculture at the beginning; 2. Requirement of a small
prepare aAPC every week for 10 weeks and the number of and defined number of aAPCs: Only need to prepare
required aAPC will increase weekly with the expansion of NK aAPCs once; 3. Low risk of contamination due to
cells; 3. High risk of contamination due to long-term cell culture.] short-term cell culture.]
RPMI1640 + 15% FBS. [C. There are g irradiated CellGro SCGM serum-free medium + 10% FBS.
. [C : There are g radiated GMP-grade
Medium not tested G'MP-grade AAICL elfferent LTSRS I'.onza, FBS from different manufacturers such as Lonza,
Gibco and Hyclone, which can be used for GMP-complying cell i )
@i Gibco and Hyclone, which can be used for GMP-
complying cell culture.]
Duration not tested 70 days 9 - 14 days
Expansion fold not tested 100 to 1000-fold in 70 days up to 74-fold in 14 days
0.25e6 HI cells -- (x56.8) --> 14e6| 0.25e6 HI cells -- (x40.4) -->
Clinical-scale Production NK cells -- (x100) --> 1.4e9 in 116 | 10e6 NK cells -- (x100) --> 1e9 in |3e6 PBC-iPSCs -- (x5) --> 15e6 NK cells -- (x74) --> 1.1e9
(From hPSCs --> NK cells not tested days. [Comment: Clinical-scale | 116 days. [Comment: Clinical- in 61 days. [Comment: Clinical-scale production is
-> expanded NK cells) production is achievable scale prod is achievabl through short-term expansion.]
through long-term expansion.] | through long-term expansion.]
Purity not tested up to 99% up to 99%
high-level KIR expression (Fig. 5B). [Comment: Binding of KIR
ligands to KIRs suppresses cytotoxicity of donor NK cells against
patient's cancer cells. To imp clinical lab. ly KIR-negative. [Comment: A unique KIR-negative
selecting an NK cell donor for a particular patient to obtain a KIR- | phenotype renders PBC-iPSC-NK cells unrestricted by
HLA mismatch in an anti-cancer direction is critical. Besides using reciepient's HLA genotypes and thus potent
Phenotype not tested NK cells derived from a KIR-HLA hed donor, a blocki cy icity against cancer cells. Since KIR-based
anti-KIR antibody has also been used in clinical trials to reduce |therapeutic intervention is unnecessory, PBC-iPSC-NK
inhibition of NK cells via KIR signaling. These suggest that NK cells cells may serve as a universal "off-the-shelf" cell
with high-level KIR expression may only be applicable in a certain source for many recipients.]
group of patients and high-level KIR expression is not a desirable
feature for "off-the-shelf" application.]
up to 65% killing (vs up to 35% killing before
15% killing (vs 62% killing before expansion) at E:T ratio of 2.5; 60% | expansion) at E:T ratio of 2; up to 90% killing (vs up to
Cytotoxicity against NK- I killing (vs 75% killing before expansion) at E:T ratio of 10 (Fig. 5D). 80% killing before expansion) at E:T ratio of 10.
sensitive K562 cells [Comment: This decrease in potency suggests that the NK cells |[Comment: This increase in potency suggests that the
are funtionally exhausted after prolonged expansion.] NK cells are more funtionally mature after short-term
ion.]
effiently kill a wide range of solid tumor cell lines;
Cytotoxicity against other more efficient than PB-NK (Fig. 6). [Comment: The
not tested not tested high potency of expanded NK cells is likely due to: (a)

cancer cell lines

the KIR-negative phenotype and (b) the short-term
expansion of NK cells.]
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