
Ex Vivo-expanded Natural Killer Cells Derived From Long-
term Cryopreserved Cord Blood are Cytotoxic Against

Primary Breast Cancer Cells
Tina Nham,* Sophie M. Poznanski,* Isabella Y. Fan,* Fatemeh Vahedi,*

Mira M. Shenouda,* Amanda J. Lee,* Marianne V. Chew,*
Richard T. Hogg,* Dean A. Lee,† and Ali A. Ashkar*

Summary: With over 600,000 units of umbilical cord blood (CB)
stored on a global scale, it is important to elucidate the therapeutic
abilities of this cryopreserved reservoir. In the advancing field of
natural killer (NK) cell cancer immunotherapy, CB has proven to
be a promising and noninvasive source of therapeutic NK cells.
Although studies have proven the clinical efficacy of using long-
term cryopreserved CB in the context of hematopoietic stem cell
transplantations, little is known about its use for the ex vivo
expansion of effector immune cells. Therefore, our group sought to
derive ex vivo-expanded NK cells from long-term cryopreserved
CB, using an artificial antigen presenting cell–mediated expansion
technique. We compared the expansion potential and antitumor
effector function of CB-derived NK (CB-NK) cells expanded from
fresh (n= 4), short-term cryopreserved (< 1-year old, n= 5), and
long-term cryopreserved (1–10-year old, n= 5) CB. Here, we dem-
onstrated it is possible to obtain an exponential amount of
expanded CB-NK cells from long-term cryopreserved CB. Ex vivo-
expanded CB-NK cells had an increased surface expression of
activating markers and showed potent antitumor function by pro-
ducing robust levels of proinflammatory cytokines, interferon-γ, and
tumor necrosis factor-α. Moreover, expanded CB-NK cells
(n= 3–5) demonstrated cytotoxicity towards primary breast cancer
cells (n= 2) derived from a triple-negative breast cancer and an
estrogen receptor-positive/progesterone receptor-positive breast
cancer patient. Long-term cryopreservation had no effect on the
expansion potential or effector function of expanded CB-NK cells.
Therefore, we propose that long-term cryopreserved CB remains
clinically useful for the ex vivo expansion of therapeutic NK cells.
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The first umbilical cord blood (CB) transplantation
occurred over 25 years ago and since then, the field of

CB banking and therapy has grown tremendously.1,2 In
more recent years, countries like Canada have recognized
the need for a national effort in public CB banking.3 In
2013, The Canadian Blood Services established The
National Public Cord Blood Bank, an organization that
strives to become a reservoir for a diverse ethnic cross-section

of HLA-typed CB units.4,5 To date, over 600,000 CB units are
stored globally, and amidst the rise of CB banking systems,
this number is projected to increase.1 With the recent surge of
knowledge in CB cryopreservation, CB cell subpopulations
and ex vivo culture technologies, it is important to explore new
avenues on how we can utilize cryopreserved CB to its full
potential as a therapeutic product.

In the rapidly evolving field of natural killer (NK) cell
cancer immunotherapy, CB was discovered to be a prom-
ising source for the ex vivo expansion of therapeutic anti-
tumor effector NK cells.6–12 The ability to obtain vast
quantities of lymphocyte effector cells from CB expanded its
clinical potential, beyond that of hematopoietic stem cell
(HSC) transplantations, for the treatment of hematological
diseases. For example, therapeutic, ex vivo-expanded NK
cells can be used for adoptive cellular immunotherapy,
which can be clinically applied to treat both hematological
and solid malignancies.9 In fact, adoptive cellular immu-
notherapy is a promising and emerging field that may hold
valuable potential for diseases that have poor prognoses,
even in light of currently available chemotherapeutic regi-
mens. This includes cancers like triple-negative breast cancer
(TNBC), an aggressive type of breast cancer that is estrogen
receptor (ER)-negative, progesterone receptor (PR)-negative,
and human epidermal growth factor receptor 2-negative.13,14

As TNBCs do not respond to therapies like hormonal-based
or trastuzumab-based treatments, which have prolonged
disease-free survival for hormone receptor-positive breast
cancers, chemotherapy is the treatment of choice. Therefore,
it could be important to look at the potential of alternative,
immune-based regimens for TNBC, which has few effective
treatment options available.13,14

Previous studies using alternative expansion protocols
have shown limitations to using cryopreserved CB as a source
for NK cell expansion, which include low NK cell number and
an immature or naïve NK cell phenotype.7,8,15,16 Recently,
however, several types of quick and robust ex vivo culture
techniques have been used to overcome these constraints, to
generate clinically relevant quantities of mature and activated
CB-derived NK (CB-NK) cells in a matter of weeks.11,12,17

These protocols often involve culturing CB-derived mono-
nuclear cell populations in the presence of IL-2 and may
include additional factors, such as IL-15,18 FLT3,19 or artificial
antigen presenting cells (aAPCS),12 to further stimulate NK cell
growth.8 After 2–4 weeks, the ex vivo expansion process
stimulates growth and activates the cytotoxic profile of NK
cells, to yield vast amounts of mature and activated therapeutic
effector lymphocytes. NK cell effector function can be further
enhanced ex vivo, through stimulation with cytokines such as
IL-2, IL-12, IL-15, and IL-18.9,20–23 The therapeutic cells are
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then transferred into autologous or allogeneic cancer patients,
where they exert their antitumor functions.9,24

In public CB banks, donated CB units are stored
indefinitely for possible clinical use.25 The ability to cry-
opreserve and store CB for long periods of time creates an
appealing therapeutic tool for several reasons. Cry-
opreserved CB represents a noninvasive, allogeneic, readily
available and long-lasting source of valuable hematopoietic
cell populations.2,26–29 For example, hematopoietic pro-
genitor cells were recovered from a 23.5-year old cry-
opreserved CB units and these units also displayed effective
engraftment into immunodeficient mice.2 It was also dem-
onstrated that hematopoietic progenitor recovery from
short-term cryopreserved CB (2–8 wk) was comparable with
that of long-term cryopreserved CB (10–15 y).28,29 More-
over, Mitchell et al30 findings also showed that a longer
period of CB cryopreservation had no effect on clinical
outcomes.

Most studies that have evaluated the capacities of long-
term cryopreserved CB however, have done so in the context
of hematopoietic progenitor cell recovery for HSC
transplantations.2,28,29,31 Less is known about the feasibility
of using long-term cryopreserved CB for the ex vivo
expansion of alternate, valuable cell types, like therapeutic
effector CB-NK cells, for adoptive cellular transfer. To
garner a better understanding of long-term cryopreserved
CB and its potential for ex vivo cell expansion strategies, we
compared the expansion potential, phenotype, and cytotoxic
effector function of expanded CB-NK cells derived from
fresh, short-term cryopreserved (< 1-year old), and long-
term cryopreserved (1–10-year old) CB. Moreover, we
evaluated CB-NK cell effector function against breast can-
cer by examining its cytotoxicity against a TNBC cell line,
MDA-MB-231, and against primary breast cancer cells
derived from TNBC and ER+/PR+ breast cancer donors.

MATERIALS AND METHODS

Ethics Statement
Research involving human samples and CB collection

was approved by the Hamilton Integrated Research Ethics
Board. Breast biopsies and CB units were obtained from
donors with written, informed consent. Experiments
involving the use of NOD-Rag1-/--ɣ-/- (NRG) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME)
and approved by the McMaster’s Animal Research
Ethics Board.

Cells and Cell Lines
Eight units of long-term cryopreserved CB-NK cells

were used in this study. Five units were used to measure NK
cell expansion, phenotype, cytokine production, and cyto-
toxicity against MDA-MB-231 breast cancer cells. Among
these, 3 units were cryopreserved for 10.5 years and 2 were
cryopreserved for 2.5 years. An additional 3 units of
1.25-year old long-term cryopreserved CB were used to
determine CB-NK cell cytotoxicity against primary breast
cancer cells from 2 donors.

K562-based “Clone 9.mIL21” aAPCs were maintained
in complete RPMI-1640 medium (Sigma-Aldrich, Oakville,
ON, CA) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100U/mL penicillin-streptomycin and 0.01M
HEPES (Thermo Fischer Scientific, Burlington, ON).

MDA-MB-231 cells (Cell Biolabs, San Diego, CA)
were cultured in complete Dulbecco’s modified Eagle

medium high glucose medium, supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/mL penicillin/
streptomycin and 1× MEM nonessential amino acids
(Thermo Fischer Scientific).

Isolation and Cryopreservation of CB-derived
Mononuclear Cells

Mononuclear cells were collected from fresh CB using
Lymphoprep (Stemcell Technologies, Vancouver, BC) as
described previously.32,33 CB-derived mononuclear cells
were resuspended in CryoStor CS2 (Stemcell Technologies)
for cryopreservation in liquid nitrogen.

Ex Vivo aAPC-based Expansion of CB-NK Cells
CB-derived mononuclear cells were cocultured with

twice the amount of irradiated aAPCs and 100 IU/mL of IL-
2 (PeproTech, Rocky Hill, NJ) as described previously.12,32

Complete RPMI-1640 media and IL-2was added every
2–3 days during after hemidepletion. Cocultures were
counted, as mentioned previously, and replenished with
irradiated aAPCs on a weekly basis.

Antibodies
The following antibodies were used according to the

manufacturer’s instructions. From BD Biosciences (San
Jose, CA): CD3, NKp46, CD69. From BioLegend (San
Diego, CA): CD45, CD56, CD16, NKG2D, NKp30,
NKp44, CD25. From eBioscience (Santa Clara, CA) Fix-
able Viability Dye eFluor 780.

Cytokine Stimulation of Expanded CB-NK Cells
After 3 weeks of ex vivo expansion, expanded CB-NK

cells were resuspended at 1×106 cells/mL in complete
RPMI-1640 media and stimulated with a control of IL-2
(100 ng/mL) or a cytokine-activated cocktail of IL-2 (100 ng/mL),
IL-12 (10 ng/mL), IL-15 (20 ng/mL) (PeproTech), and IL-18
(100 ng/mL) (Medical & Biological Laboratories, Nagano,
Japan) for 24 hours.

Enzyme-linked Immunosorbent Assay (ELISA)/
Cytokine Detection

Supernatants were collected after 24 hours from cyto-
kine-stimulated, expanded CB-NK cells. Interferon (IFN)-γ
and tumor necrosis factor (TNF)-α cytokine levels in
supernatants were measured using the respective R&D
Systems (Minneapolis, MN) human DuoSet ELISA Kits, as
per manufacturer’s instructions.

Cytotoxicity Assays

CB-NK Cell Cytotoxicity Against MDA-MB-231
Cells

MDA-MB-231 cells were labeled with 5 μM carboxy-
fluoresceinsuccinimidyl ester (CFSE) (Sigma-Aldrich).
CFSE-labeled tumor cells were incubated with expanded
only, or expanded and cytokine-activated CB-NK cells at
various effector: target (E:T) ratios for 5 hours at 37°C.
Cells were stained with Fixable Viability Dye eFluor 780.

CB-NK Cell Cytotoxicity Against Primary Breast
Cancer Cells

Tumors from breast biopsies were obtained and proc-
essed into 1 mm2 pieces and subcutaneously injected into
NRG mice. Body weight and tumor size were monitored
and mice were sacrificed at endpoint. Tumor was resected
and processed into 1mm2 pieces. 20mL of 3mg/mL Collagenase
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A (Sigma-Aldrich) was added to tumor pieces and placed in
a 37°C incubator shaker for 25 minutes. After a 25 minute
incubation period, the cell suspension was filtered using a Falcon
40 μm nylon strainer (Thermo Fisher Scientific). The live cell
fraction was selected for using Lymphoprep gradient
centrifugation and cells were subsequently resuspended in
complete Dulbecco’s modified Eagle medium. Expanded
CB-NK cells were labeled with 5 μM CFSE (Sigma-
Aldrich) and coincubated with the tumor cells for 5 hours
at 37°C. Cells were stained with Fixable Viability Dye
eFluor 780.

Flow Cytometric Analysis of Cytotoxicity Assays
The percentage of viability dye-positive cells (% exper-

imental lysis) was determined and percent specific lysis was
calculated using the following formula: % specific lysis=
100×[(% experimental lysis−% basal lysis)/(100−% basal lysis)].

Flow Cytometry
Cells were stained with conjugated anti-human antibodies

as described previously.32 Samples were run on the BD LSRII
flow cytometer and FlowJo software (Tree Star, Ashland, OR)
was used for analysis. The CD3− CD56+ (NK cell) population
was analyzed for surface marker expression and fluorescence
minus one controls were utilized for all experiments.

Statistical Analyses
Statistical comparisons were performed using Graph-

Pad version 6.0 software. The 2-tailed unpaired Student
t-test or ANOVA (*P< 0.05; **P< 0.01; ***P< 0.001;
****P<0.0001) were used where indicated. Error bars represent
SEM.

RESULTS

A Similar Log-scale Expansion of Ex Vivo-
expanded CB-NK Cells Can be Generated From
Fresh, Short-term Cryopreserved, and Long-term
Cryopreserved CB

Little is known about the ability to generate ther-
apeutic effector CB-NK cells from long-term cryopreserved
CB. Therefore, our group sought to use an aAPC-based
protocol for the ex vivo expansion of CB-NK cells from
long-term cryopreserved CB.12,32 Our results demonstrate
that a log-scale expansion of CB-NK cells can be generated
from long-term cryopreserved CB after 28 days (Fig. 1).
Moreover, there were no significant differences in the total
fold expansion between expanded CB-NK cells derived
from fresh, short-term cryopreserved, or long-term cry-
opreserved CB (Fig. 1).

The Ex Vivo Expansion Process Significantly
Upregulates the Surface Expression of Activating
Markers on Expanded CB-NK Cells, Compared
With Resting CB-NK Cells

In addition to inducing massive CB-NK cell proliferation
and expansion, the aAPC-based CB-NK cell expansion pro-
tocol has also been shown to stimulate NK cell activation by
generating a cytotoxic phenotype and function.12,32 Therefore,
we assessed NK cell phenotype by evaluating the surface
expression of various activating and maturity markers, which
are involved in mediating the balance of NK cell activation and
inhibitory signals on CB-NK cells before (resting CB-NK cells)
and after ex vivo expansion (expanded CB-NK cells) (Fig. 2).
Although CB-NK cells were derived from fresh, short-term

cryopreserved, or long-term cryopreserved CB, there were no
significant differences in the surface marker expression across
these groups (Fig. 3). Expanded CB-NK cells significantly
upregulated the surface expression of activating receptors
including CD69, and CD25 and the natural cytotoxicity
receptors NKp30 and NKp44. In addition, there was a trend
towards an increasing number of expanded CB-NK cells that
expressed the activating marker NKG2D.

Ex Vivo-expanded CB-NK Cells Derived From
Fresh, Short-term Cryopreserved, and Long-term
Cryopreserved CB Produce Similar and Robust
Levels of IFN-γ and TNF-α Upon Combined
Stimulation With IL-12/IL-15/IL-18

In response to activation with dendritic cell-derived or
macrophage-derived factors like IL-12, IL-15, and IL-18, NK
cells are potent producers of the antitumor cytokines IFN-γ
and TNF-α.9,24 In order to assess the effector function of
expanded CB-NK cells, we measured their ability to produce
proinflammatory cytokines upon cytokine stimulation. Our
results show that expanded CB-NK cells derived from fresh,
short-term cryopreserved, and long-term cryopreserved CB
potently produce similar levels of IFN-γ and TNF-α upon
stimulation with a combination of IL-12, IL-15, and IL-18
(Fig. 4). There were no significant differences in IFN-γ
(Fig. 4A) and TNF-α (Fig. 4B) production from expanded
CB-NK cells derived from fresh, short-term cryopreserved or
long-term cryopreserved CB upon cytokine stimulation.

Expanded CB-NK Cells Derived From Fresh,
Short-term Cryopreserved, and Long-term
Cryopreserved CB Mediate Cytotoxicity Against
a TNBC Cell Line, MDA-MB-231, and have
Increased Cytotoxicity Upon Cytokine Activation
With IL-12/IL-15/IL-18

In addition to being potent producers of proinflammatory
and antitumor cytokines, we also sought to assess the
functionality of expanded CB-NK cells through their ability
to mediate direct cytotoxicity against a TNBC cell line,
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FIGURE 1. Ex vivo expansion generates a similar, robust log-scale
expansion of CB-NK cells derived from fresh, short-term cry-
opreserved, or long-term cryopreserved CB after 28 days. Total
fold expansion of NK cells from fresh (n=4), short-term cry-
opreserved (n=5), or long-term cryopreserved (n=3) CB was
measured after 28 days. CB indicates cord blood; NK, natural
killer; n.s., not significant.

J Immunother � Volume 00, Number 00, ’’ 2017 Expanded CB-NK Cells for Breast Cancer Treatment

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved. www.immunotherapy-journal.com | 3

Copyright r 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



MDA-MB-231 (Fig. 5).34 Expanded CB-NK cells derived from
fresh, short-term cryopreserved and long-term cryopreserved
CB demonstrated similar levels of cytotoxicity against MDA-
MB-231 breast cancer cells and lysed tumor cells in a concen-
tration-dependent manner (Fig. 5A). Upon combined stim-
ulation with IL-12/IL-15/IL-18 for 24 hours, expanded CB-NK
cells demonstrated significantly increased percent specific lysis
when incubated with MDA-MB-231 breast cancer cells
(Fig. 5B). At an E:T ratio of 10:1, the mean percent specific
lysis of expanded, cytokine-activated CB-NK cells derived from

fresh, short-term cryopreserved, and long-term cryopreserved
CB was 77%, 75%, and 78%, respectively. Overall, the length of
CB cryopreservation did not affect the cytotoxicity of expanded
CB-NK cells against the TNBC cell line.

Expanded CB-NK Cells Derived From Long-term
Cryopreserved CB are Cytotoxic Towards TNBC
and ER+/PR+ Primary Breast Cancer Cells

After testing the efficacy of expanded CB-NK cells
against TNBC MDA-MB-231 cells, we also sought to
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FIGURE 2. Ex vivo expansion upregulates the surface expression of activating markers on expanded CB-NK cells. Resting CB-NK cells
(n=3) and expanded CB-NK cells were stained with conjugated anti-human antibodies for 30 minutes. Flow cytometry was used to
assess the surface expression of activating and maturity markers on the CD56+CD3−(NK cell) population. Statistical analyses were
performed using a 2-tailed unpaired Student t-test (*P<0.05;***P<0.001, ****P<0.0001). CB indicates cord blood; NK, natural killer;
n.s., not significant.
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determine their effector function against primary breast
cancer cells, which are more representative of clinical-grade
breast cancers. Therefore, we obtained single-cell suspen-
sions of primary breast cancer cells from breast biopsies of 2
patients, breast cancer patient A and B, diagnosed with
TNBC and ER+/PR+ breast cancer, respectively. Our results
indicate expanded CB-NK cells were able to lyse primary
breast cancer cells in a concentration-dependent manner
(Fig. 6). At the 10:1 E:T ratio, expanded CB-NK cells
demonstrated variable cytotoxicity towards TNBC
(Fig. 6A) and ER+/PR+ (Fig. 6B) breast cancer cells. The
mean percent specific lysis of the expanded CB-NK cells at a
10:1 ratio ranged from 19% to 27% against TNBC, com-
pared with 74% to 92% against ER+ and PR+ breast cancer.
Overall, our results indicate long-term cryopreserved CB
yields therapeutic expanded NK cells that are cytotoxic
against primary breast cancer cells, in vitro.

DISCUSSION
In this current study, we sought to elucidate the

potential of using long-term cryopreserved CB as a source of
therapeutic NK cells for adoptive NK cell immunotherapy.
As such, we used an aAPC-based protocol for the ex vivo
expansion of CB-NK cells. We assessed whether the long-
term cryopreservation of CB affected the expansion poten-
tial and cytotoxic effector function of expanded CB-NK
cells. Our findings show that a log-scale expansion of ther-
apeutic effector NK cells can be obtained from long-term
cryopreserved CB using an aAPC-based ex vivo expansion
technique (Fig. 1). Expanded CB-NK cells produced robust
levels of antitumor cytokines, IFN-γ, and TNF-α, and
demonstrated cytotoxic function towards the TNBC cell line
MDA-MB-231 (Figs. 4, 5). Moreover, expanded CB-NK
cells derived from long-term cryopreserved CB demon-
strated cytotoxicity against both TNBC and ER+/PR+
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FIGURE 3. Ex vivo-expanded CB-NK cells derived from fresh, short-term cryopreserved, and long-term cryopreserved CB units share a
similar expression of activating and maturity markers. Expanded resting (n=4), short-term cryopreserved (n=5), and long-term cry-
opreserved CB-NK cells (n=5) were stained with conjugated anti-human antibodies for 30 minutes. Flow cytometry was used to assess
the surface expression of activating and maturity markers on the CD56+CD3−(NK cell) population. Statistical analyses were performed
using a 1-way analysis of variance. CB indicates cord blood; NK, natural killer; n.s., not significant.
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primary breast cancer cells (Fig. 6). Overall, our results
show that the length of CB cryopreservation does not affect
CB-NK cell expansion or effector function, as there were no
significant differences in the expansion, phenotype, and
antitumor abilities of CB-NK cells expanded from fresh,
short-term cryopreserved, and long-term cryopreserved CB.

Similar to previous studies that have utilized the
K562-based “Clone 9.mIL21” aAPCs for ex vivo NK cell
expansion from peripheral blood and CB,12,32 our results
show it is possible to obtain a log-scale expansion of CB-NK
cells derived from fresh, short-term cryopreserved, and long-
term cryopreserved CB (Fig. 1). As there were no significant

differences in the mean total fold expansion of CB-NK cells
from the 3 groups of CB, this suggests that the cry-
opreservation and thawing process of CB does not affect the
expansion potential of CB-NK cells.

Resting, unmanipulated CB-NK cells have previously
been identified as phenotypically immature and poorly
cytotoxic, the latter which can be due to an impaired ability
to form immunologic synapses with their respective target
cells among other factors.7,15,16,35 Previously, it was found
that ex vivo NK cell expansion with IL-2 could reverse the
poor cytolytic ability of CB-NK cells by creating a stronger
synapse between NK cells and their targets through the
recruitment of adhesion molecules and perforin.35 Similarly,

A

B

FIGURE 4. Expanded CB-NK cells derived from fresh, short-term
cryopreserved, and long-term cryopreserved CB potently produce
anti-tumor cytokines, IFN-γ and TNF-α, upon cytokine activation.
Expanded CB-NK cells were stimulated with IL-2 (100 ng/mL)
(control) or a combined cocktail of IL-2 (100 ng/mL), IL-12
(10 ng/mL), IL-15 (20 ng/mL), and IL-18 (100 ng/mL) (cytokine
activated) for 24 hours. Supernatants were collected from
expanded CB-NK cells derived from fresh (n=4), short-term
cryopreserved (n=5), and long-term cryopreserved (n=3) CB
and assayed for IFN-γ (A) and TNF-α (B) cytokine levels using the
appropriate enzyme-linked immunosorbent assay kits. CB indi-
cates cord blood; IFN, interferon; NK, natural killer; n.s., not sig-
nificant; TNF, tumor necrosis factor.
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FIGURE 5. Expanded CB-NK cells derived from fresh, short-term
cryopreserved, and long-term cryopreserved CB exhibit similar
cytotoxicity towards MDA-MB-231 breast cancer cells and
increased cytotoxicity upon cytokine activation. A, Expanded CB-
NK cells derived from fresh (n=4), short-term cryopreserved
(n=5), and long-term cryopreserved (n=3) CB and (B)
expanded CB-NK cells derived from fresh (n=4), short-term
cryopreserved (n=4), and long-term cryopreserved (n=3) were
stimulated with a combined cocktail of IL-2 (100 ng/mL), IL-12
(10 ng/mL), IL-15 (20 ng/mL), and IL-18 (100 ng/mL) for
24 hours. Expanded CB-NK cells were coincubated with carbox-
yfluoresceinsuccinimidyl ester-labeled MDA-MB-231 breast can-
cer cells for 5 hours. Statistical analysis was performed using a
1-way analysis of variance. CB indicates cord blood; E:T ratio,
effector: target ratio; NK, natural killer; n.s., not significant.
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our results indicate that the aAPC-based expansion used in
this study yields CB-NK cells that exhibit effective cyto-
toxicity against MDA-MB-231 breast cancer cells (Fig. 5A).
This enhanced cytotoxicity could also be attributed to the
increased surface expression of multiple NK cell activating
markers on expanded CB-NK cells including CD69, NKp30
and NKp44, and CD25 (Fig. 2).

In addition, different combinations of IL-2, IL-12, IL-
15, and IL-18 have been shown to induce higher pro-
liferative responses, cytokine secretion, and cytotoxic effects
in both CB-derived and peripheral blood-derived NK (PB-
NK) cells.9,24,36 In agreement with these data, our results
indicate that aAPC-expanded CB-NK cells preactivated
with IL-12/IL-15/IL-18 demonstrate increased IFN-γ and
TNF-α secretion and cytotoxicity towards MDA-MB-231
breast cancer cells (Figs. 4, 5B). Recently, it has been
reported that the adoptive transfer of IL-12/IL-15/IL-
18-stimulated PB-NK cells induced a clinical response in
patients with acute myeloid leukemia.37 Our results indicate
that expanded CB-NK cells derived from cryopreserved CB
respond robustly to cytokine stimulation and thus may be a
feasible source of NK cells for such therapies.

Lastly, our results show that expanded CB-NK cells
can mediate cytotoxicity towards primary breast cancer

cells, which better represent true forms of clinical-grade breast
cancer, compared with a breast cancer cell line. It is interesting
to note that, although expanded CB-NK cells were derived
from the same cryopreserved CB units, expanded CB-NK cells
had variable cytotoxicity between TNBC and ER+/PR+ breast
cancer (Fig. 6B). Expanded CB-NK cells exhibited increased
cytotoxicity against the hormone-positive breast cancer in
comparison with the TNBC breast cancer. The observed het-
erogeneity in cytotoxicity may be attributed to the varying
levels of resistance against NK cell immunity by different
breast cancers. The breast cancer microenvironment has been
shown to evade NK cell immunity by dampening NK cell
cytotoxicity in numerous ways including the expression of
nonclassic HLA-I antigen, HLA-G38,39; the production of
immunosuppressive cytokines like TGF-β; the downregulation
of stress ligands expressed on tumor cells; and, the down-
regulation of NK cell activating receptors like NKG2D.40,41

Although there was variability in the NK cell-mediated
cytotoxicity of the 2 primary breast cancer types, the expanded
CB-NK cells were still shown to lyse breast cancer cells in a
concentration-dependent manner in an in vitro setting.

In conclusion, our findings show an alternative use for
long-term cryopreserved CB in its potential to generate clin-
ically relevant quantities of therapeutic effector NK cells
against breast cancer, which contributes to the recent advances
and successes in the field of NK cell immunotherapy for other
types of cancers. Previous clinical trials have reported the suc-
cess of adoptive NK cell immunotherapy for hematological
malignancies like acute myeloid leukemia, which demonstrated
complete remissions in elderly patients or patients with poor
prognoses and event-free survival for 18 months in pediatric
patients.42–44 Moreover, others have successfully directed NK
cell functions against neuroblastoma and glioblastoma.45–47 To
date, breast cancer clinical trials that have used ex vivo IL-2- or
IL-15-activated NK cells have shown improved patient out-
comes, albeit with limited clinical efficacy.48–51 Therefore, it
is also of interest to investigate the clinical efficacy of a APC-
expanded NK cells in breast cancer patients.

It is also important to explore other ways we can utilize
the vast quantities of long-term cryopreserved CB our systems
can currently store. With over 600,000 CB units stored glob-
ally, approximately only 30,000 CB transplantations have been
performed; it is unclear what happens to publicly or privately
banked CB samples that are stored for extensive periods of
time.1 As our data provides novel evidence that activated
therapeutic effector CB-NK cells can be expanded, ex vivo,
from long-term cryopreserved CB and demonstrate cytotox-
icity against primary breast cancer cells, we propose that long-
term cryopreserved CB is clinically useful for NK cell immu-
notherapy, in addition to HSC transplantations. The ability to
store CB samples that maintain functionality after decades of
cryopreservation raises the possibility of housing vast, diverse,
and long-lasting donor libraries, where readily available
sources of therapeutic NK cells can be harvested.
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