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The formation of all types of blood cells is crucial to endow hum ans with various im portant
blood functions such as oxygen transport, clotting and im m une defense. Failures in blood
cell form ation can lead to various hematological malignancies such as leukemia or bone
marrow failure disorders. These malignancies are generally treated with chemotherapy and
radiotherapy. However, drug resistance and relapse remain major problems and allogeneic
hematopoietic stem cell transplantation (HSCT) is often the final treatm ent modality for
m any of these diseases. However, HSCT is still a risky procedure implying various possible
complications, such as treatm ent related m ortality due to graft versus host disease (GVHD),
graft failures or infections. New medications such as specific drugs, antibodies or various

forms of adoptive cellular immunotherapy are under current development to reduce risks of
HSCT and to improve the quality of life for the patiënt. This thesis describes the development,
characterization and clinical translation of a cell culture process for the ex vivo generation of
Natural Killer (NK) cells from hematopoietic stem cells (HSCs). The NK cells are primarily
thought to be used as adoptive im m unotherapy in hematological cancers such as myeloid
leukemia. However, there is more and more evidence that NK cell therapy could also play
an im portant role in the treatm ent of solid tumors. A detailed description of the production
process and extensive knowledge about the final product is needed to develop the most potent
NK cell based therapy and to ensure a careful use in clinical practice.

Hematopoiesis
Hematopoietic stem cells
The development of multicellular organisms is mainly dependent on the function of somatic
stem cells. These cells are defined as undifferentiated cells, which can self-renew over a long
period and give rise to progenitor cells committed to more specific lineages during development.
Controlled development and differentiation of stem cells leads to a highly complex functional
organ or organ systems. However, uncontrolled differentiation or genetic aberrations in
stem cells could lead to death or development of cancer, immunodeficiency, autoimmunity
or bone m arrow insufficiency. In the last 50 years, HSC have become the most intensively
studied stem cells regarding their self-renewal capabilities or lineage-specific differentiation
and cell fate com m itm ent on genetic and functional level. Furthermore, transplantation of
HSCs has been extensively used to treat leukemia and other types of cancers *■2. It has been
clearly dem onstrated that the adult and neonatal HSCs keep the ability to reconstitute the
hematopoietic systems of patients after myeloablative treatm ent3. Therefore, an im portant
feature of HSCs is the capacity to replenish all lineages of mature blood cells.
From HSC to mature blood cells
Hematopoiesis describes the process and capacity of self-renewal of HSCs and the lifelong
replacement of all distinct blood lineages representing progenitor and effector cells.
Hematopoiesis develops during embryonic development and HSCs arise in mid-gestation
within the region of the embryo that contains the dorsal aorta, gonads and mesonephros
(i.e. the AGM region) and further develops in the yolk sac, placenta and fetal liver4. Adult
hematopoiesis is located in the bone marrow (BM) and the self-renewal and differentiation of
HSCs is regulated within specific niches in the BM5,6. In the last 30 years, the most common
model of hematopoietic development describes a binary cell fate tree of hematopoiesis,
where in the first branch the HSCs gives rise to two different hematopoietic progenitor cells
(HPCs), i.e. the com m on myeloid progenitor (CMP) for myeloid-erythroid cells (giving
rise to erythrocytes, platelets, monocytes, macrophages and granulocytes) and the common
lymphoid progenitor (CLP) for lymphoid cells (differentiating into T-, B-, and NK cells)7.
However, more recent research has redefined the model of hematopoiesis, describing
myeloid-based models, where the myeloid potential is also m aintained in the early lymphoid
lineage specifkation7'9. For instance, we identified in 2006 a novel hum an progenitor cell
called M-NK-IC, that has the capability to give rise to NK cells and also initiates macrophage
development implying lymphoid and myeloid potential10. Thus, there is evidence that hum an
hematopoiesis does not follow the inflexible classical model as described in m ost hematology

9 | 10

and immunology textbooks up to date (Figure 1). But for instance, data from us and others
suggest that HSC can develop into more specialized progenitor cells for the myeloid-erythroid
lineage (ME), the MENK progenitor with myeloid-erythroid and NK lineage potential or into
another m ulti-potent progenitor MNKTB that can further differentiate into a myeloid (MNK)
or T, B-cell precursor (NKTB) which both have NK cell potential. However, this new view
on hematopoiesis has to be verified with versatile functional tools to confirm their existence
and to identify specific genes, such as transcription factors acting as cell fate determinants to
control a lineage switch.
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M E N K T B (HSC)
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Figure 1 \ A hypothetical schematic view on cell fate decisions made during hematopoiesis.
The classical view on lineage commitment from a hematopoietic stem cell (HSC) via common
myeloid (CMP) and common lymphoid (CLP) progenitor is indicated by the black arrows,
showing the directions o f the differentiation steps. The scheme further summarizes current
views on hematopoietic differentiation combined with our own experimental data and
interpretation thereof as indicated by the red dashed arrows. According to current trends of
looking at hematopoiesis, the strict grouping in myeloid and lymphoid lineage is replaced by
naming progenitors by their differentiation potential. Therefore the following categories were
made: E = progenitor potential fo r erythroid cells; M = progenitor potential fo r myeloid cells
including megakaryocytes, platelets, granulocytes, monocytes, macrophages and dendritic cells;
N K = progenitor potential fo r N K cells; T = progenitor potential for T cells and B = progenitor
potential fo r B cells. A multi-potent HSC is referred to MENKTB cell potential, which can selfrenew or develop into more specialized progenitor cells fo r the myeloid-erythroid lineage (ME),
the M ENK progenitor with myeloid-erythroid and N K lineage potential or in another multipotent progenitor MNKTB, which could further differentiate into a myeloid (MNK) or T, B-cell
precursor (NKTB) which both retain N K cell potential. These progenitor cells could give rise to
more specialized precursors and later differentiate into all types ofm ature blood cells.

Hematopoietic stem cell transplantation
Since more than 50 years HSCs are used for transplantation to treat hematological cancers
and some solid tumors, following first line treatm ent with chemo- and radiotherapy in
order to reduce tum or burden and achieve long term remission n. As drug resistance and
relapse remain major problems, autologous and hum an leukocyte antigen (HLA)-matched
allogeneic HSCT are used as potentially curative cell therapy treatm ent for m alignant and
non-m alignant hematological diseases. In allogeneic HSCT, donor T cells mediate a powerful
graft-versus-tumor (GVT) effect12. However, T cells can also cause GVHD and therefore limit
the overall effectiveness of allogeneic HSCT. Various methods of T cell depletion reduce the
risk of GVHD and allow in addition transplantation across the histocompatibility barrier,
but might increase the risk of graft rejection or relapse. Most interestingly, NK cells have
been described to eliminate leukemia relapse and graft rejection and to protect patients
against GVHD in a haploidentical HSCT setting13. NK cells have to be shown to suppress
GVHD without causing GVHD themselves14. This is mainly by their ability to inhibit and lyse
GVHD inducing T cells 14 and host antigen presenting cells (APCs), which are critical for the
activation of donor T cells in GVHD induction 15. Furthermore, there is clinical evidence, that
high NK cell doses in unrelated HSCT prevent severe GVHD, while preserving the GvT effect
16. Therefore, NK cells have become nowadays a very attractive lymphocyte population for
anticancer im m unotherapy in HSCT and non-HSCT transplant related treatm ent schemes.

Natural Killer cells
NK cell subsets and function
NK cells were originally identified in the m id 70's as the third major subpopulation of
lymphocytes, beside T- and B-cells17'20. NK cells are im portant effector cells of the innate
im m une system because they can exert rapid effector function without prior sensitization, i.e.
“Natural” killing. Therefore, NK cells play a key role in early defense against viral and bacterial
infections and in tum or imm une surveillance21' 22. NK cells are present in lymphoid organs
and various non-lym phoid tissues. Beside their cytolytic activity, NK cells are able to produce
a wide variety of cytokines and chemokines to influence the other cellular compartments
of the im m une system23,24. NK cells can be broadly defined as CD56+CD3 lymphocytes
comprising 5-15% of the circulating lymphocyte population25. They can be subdivided into
two major subsets based on their CD56 expression levels. CD56dlm NK cells, accounting for
approximately 90% of peripheral blood NK cells have marked cytolytic potential and express
high levels of the low affinity Fc receptor III (FcRylII; recognized by CD 16) allowing them
to mediate antibody-dependent cellular cytotoxicity (ADCC) 26,27. In contrast, CD56brlght NK
cells, representing -10% of all NK cells, have predominantly immune regulatory functions
mediated by a potent production of INF-y, TN F-a and GM-CSF.
NK cells recognize and kill infected or malignant-transform ed cells through signals from
germ line-encoded inhibitory receptors (IR) or activating receptors (A R )28. The combination
of these signals balances and modulates NK cell effector functions (Figure 2). W hen the
activating signals dominate, NK cell cytotoxicity and cytokine production are triggered.
In contrast, these functions are blocked when inhibition is predominant. Upon activation,
NK cells lyse susceptible target cells using several killing mechanisms29, including release of
cytotoxic granules containing perforin and granzymes30,31, TRAIL-dependent cytotoxicity
and activation of Fas-mediated apoptosis 31,32.
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o f inhibitory and/or activating signals. The balance between these signals will instruct N K cells
to tolerate or respond.

N K cell receptors
NK cells use a variety of ARs and IRs to recognize tum or or virus-infected cells33’35. These
NK cell receptors and their known ligands are summarized in Supplementary Tables 1 and 2.
In humans, several types of HLA class I-specific IRs have been described including the killer
inhibitory im munoglobulin receptors (KIRs) that recognize groups of HLA class I molecules,
and c-type lectin receptors of the CD94/NKG2A family specific for the non-classical
HLA-E molecule presenting peptides derived from signal sequences of classical HLA class
I molecules36,37. The discovery of these receptors emerged from early observations showing
that NK cell cytotoxicity was triggered by tum or cells lacking self MHC class I molecules,
which is referred as „missing-self” recognition (Figure 3). Each NK cell expresses a different
combination of inhibitory and stimulatory receptors so that at least one inhibitory KIR
specific for a self M HC class I allele is present. In steady state, NK cells are inhibited by the
recognition of self HLA class I molecules that overrule potential stimulatory signals. But in
case of malignant transform ation, tum or cells may down regulate self HLA class I expression
or display only non-self HLA class I molecules in the HLA-mismatched transplantation
setting, while up-regulating activating ligands trigger NK cell-mediated tum or cell lysis. In
a HSCT setting, where donor NK cells miss an inhibitory KIR for a HLA ligand present on
a recipient tum or cell, NK cells are thought to exert higher GVT effect, because they are
potentially less inhibited by the existing “KIR-ligand” mismatch. Retrospective studies in

the setting of haploidentical allogeneic HSCT, cord-blood 38 and allogeneic adoptive NK cell
therapy have shown that this „KIR-ligand” mismatch could be responsible for the anti-tum or
effect.
The activating signals are mediated by ARs of which the m ost im portant receptors, beside
CD16 described above, are NKG2D, DNAM-1 and the natural cytotoxicity receptors (NCR);
NKp30, NKp44 and NKp46. The ligands for NKG2D are the stress-inducible proteins MICA/B
and ULBPs. DNAM-1 recognizes the poliovirus receptor (PVR) and nectin-2, whereas the
ligands for the NCRs are heparin, heparin sulfates and viral hemagglutinin, but there are
also potential proteins involved in the recognition by NCRs that have not been identified so
far. Most of the ligands for these ARs are expressed predominantly by “stressed” cancerous
and virus-infected cells. High expression of activating ligands in combination with high
expression of ARs on NK cells can overcome the inhibitory signal and activate the NK cell
to kill target cells. Based on these functional concepts, NK cells can induce tum or cell death
w ithout prior immunization as well as produce cytokines such as IFN-y, TNF-a and GM-CSF
that are key mediators in activating dendritic cells in lymph nodes thereby linking innate NK
cell-based im m unity to adaptive T cell-mediated immunity. Interestingly, upon stimulation
with cytokines such as IL-2, IL-15, IL-18, IL-12 or IFN-a> NK cell cytotoxic activity increases
and these activated NK cells are able to eradicate the targets that are resistant to the so called
“resting NK cells”21.

M issing-self recognition of tum or cells

\o o
Activating
receptor

Inhibitory
receptor
MHC
class I
molecule

_T

Activating
ligand

Transformation

Normal cell

Tumor cell

No

Yes

killing

killing

Figure 3 | “Missing-self ” tumor cell recognition by N K cells. N K cell activity in healthy tissues
and the tumor microenvironment depends on the balance o f inhibitory (u.a. KIR, NKG2A) and
activating (u.a. NKG2D, NCRs, DNAM-1). When N K cells encounter a normal cells as “self”,
by getting more inhibitory signals than activating signals, they will tolerate them. However, as
N K cells get triggered by more activating signals than inhibitory ones, the N K cell will respond
and lyse infectious and tumor cells.
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NK cell development
NK cells arise from HSCs and the BM is generally considered as the prim ary site for human
NK cell development.4'7 NK cells and their progenitors are also present in lymphoid organs
such as spleen, liver and lymph nodes, but can also migrate to the lung, gut and various other
tissues (reviewed in 39). W ithin the BM m icroenvironment, CD34+ HSCs and HPCs can be
forced by growth factors like IL-2 or IL-15 to differentiate into the NK cell lineage. In 2005,
Freud et al. identified a BM-derived CD34+ HPC residing in lymph nodes (LN) where further
differentiation into CD56bright NK cells could take place40. Furthermore, they identified four
discrete stages of hum an NK cell development within secondary lymphoid tissues (SLT) based
on cell surface expression of CD34, CD 117 and CD94: i.e. stage 1, CD34+CD117 C D 94; stage
2, CD34+CD117+CD94'; stage 3, CD34 CD117+CD94-; and stage 4, CD34 CD117+/ CD94+41.
Following NK cell development, com m itm ent to the NK cell lineage takes place at stage 3, in
which CD56 appears on the cell surface and gives rise to CD56bright NK cells in stage 4. These
data confirmed previous studies describing the abundant presence of CD56bright NK cells in
SLT. 42,43 In addition, it has been shown that CD56bright cells are the first mature NK cells to
arise after hematopoietic SCT44,45. Overall, these data support a model of in vivo hum an NK
cell development in which CD34+ NK cell precursor traffic from BM to SLT where further
differentiation into CD56brlght NK cells takes place.
Up to date, a complete pathway for hum an NK cell development and m aturation has
not been described and it could be possible that NK cell precursors traffic from BM to other
tissues for term inal differentiation in situ46. Furtherm ore, NK cells acquire their cytotoxic and
cytokine-production capability through a process called “NK cell licensing or education”47,48.
Although this process remains to be completely understood, it is supposed that NK cells
become functional competent (i.e. “licensed to kill”) after engagement of IRs with self-HLA
class I ligands during the education process47,49. Based on this “licensing” model, NK cells
without expression of IRs do not complete the education process, therefore remain unlicensed
and functionally “hyporesponsive” 49'51. D uring the described transition of NK cells through
several stages of the NK cell developmental pathway, stage 3 cells transit into stage 4 cells by
acquiring CD94/NKG2A receptors. These cells are then capable to react to certain cytokines
such as IL-2, IL- 12, IL-15, IL-18 or IL-21 in order to acquire cytokine-producing functions
and low cytotoxic potential52,53. Thereafter, fully educated NK cells acquire the ability to
migrate to peripheral tissues and additionally obtain functional receptors like CD 16, NKG2D
or KIRs to become highly cytotoxic54,55.
Several NK cell progenitors have been identified in the pool of CD34+ HSCs and HPCs,
and initially NK cells were thought to develop from a bipotent progenitor for T and NK cells56.
Most ex vivo studies on NK cell development have been performed by culturing purified
hum an CD34+ cells from BM57, PB , CB58 and fetal liver (FL)59 mainly in the presence of IL15, IL-2, SCF and fit 3 ligand (Flt3-L) and could be differentiated into CD56+CD3 NK cells.
This approach has identified additional surface antigens on NK cell progenitors including
CD760, CD12261, CD16162, integrin (37 and CD45RAhigh 40. Furthermore, CD34+CD38
CD7+ cells were found to be the most primitive lymphoid precursor cells that give rise to
NK cells, B cells and DCs, but not myeloid or erythroid cells. However, also myeloid-like
CD14+C D llb +CD13+CD33+ cells63 or CD 56CD 117+M-CSFR+ cells64 have been recently
described with the capability to differentiate into mature and functional NK cells using IL-15
and Flt3-L or stromal feeder cells. Mainly studies based on mouse NK cells and mouse models
have identified various transcription factors playing a role in regulating NK cell development

such as Ets-165, PU.166, MEF67, GATA-368, T-bet69, Irf-270, Id271’72, E4BP473. But most of these
transcription factors do not play an exclusive role in NK cell development as shown in
knockout experiments. Reviewing the knowledge on NK cell development, it is still unclear
how exactly the generation and differentiation of NK cells is regulated and how lymphoid or
myeloid origin and disposition of NK cells could be enlightened (see Figure 1).

NK cell-based therapy
Since NK cells have the capacity to selectively target tum or cells, several strategies for the
therapeutic use of NK cells have been explored. One strategy involved the use of cytokines
to activate endogenous NK cells. NK cell differentiation and activation is regulated by
many cytokines such as IL-2, IL-12, IL-15, IL-18, IL-21 and type I IFNs (i.e. IFN -a and
IFN-y) 74. Trials assessing the effects of IL-2 administration on activation and expansion of
autologous NK cells in patients with cancer have been perform ed75,76. However, results have
been variable and the outcome is highly dependent on the type of tum or and doses of the
IL-2 treatment. Furtherm ore, high-dose IL-2 treatm ent is associated with life-threatening
toxicities, represented by capillary leak syndrome and pulm onary edema77,78. IL-15 may be
more efficient than IL-2 to expand NK cells because it promotes the survival of NK cells,
however IL-15 has just entered phase I/II clinical trials (NCT01021059, NCT01369888,
NCT01385423, NCT01572493) and the dosage and effect on NK cells or other immune cells
has not been described in hum ans up to date79,80. Beside the activation of NK cell cytotoxicity
using cytokines, several other strategies to boost NK cell mediated tum or killing have been
postulated as combinatorial therapies, such as the use of small molecules, antibodies or
other drugs (Figure 3). Monoclonal antibodies like rituximab (anti-CD20) have been used
in patients with non-Hodgkin’s lymphoma to activate NK cells’ ADCC effector function81,82.
Nowadays also some drugs like Thalidomide, Lenalidomide, Bortezomib and Imatinib are
used to improve NK cell survival, proliferation and activation in vï'vo 83'85. Some more complex
mechanisms for NK cell activation have emerged by using specific vaccines acting on tolllike receptors, which activate NK cells directly or indirectly by influencing dendritic cells
(reviewed i n 86).
The clinical relevance of NK cells was initially discovered by ex vivo studies using
preclinical models and additionally identified in retrospective clinical studies after
haploidentical stem cell transplantations and cord blood transplantations38. Ruggeri and
colleagues dem onstrated in 2002 that NK cells were found to exert strong allogeneic immune
responses in im m unodefïcient mice engrafted with prim ary hum an AML13. Additionally,
they dem onstrated that the NK cell alloreactivity can control relapse of AML without causing
GVHD in the setting of HLA-mismatched haploidentical allogeneic SCT13,87. Furthermore,
analysis of >90 haploidentical transplants for high-risk AML showed that NK alloreactive
transplants were associated with improved survival88. In addition, NK cell alloreactivity in
allogeneic SCT was associated with reduced rates of GVHD. As NK cells could kill patients
antigen presenting cells (APCs), reduced activation of alloreactive donor T cells by recipient
APCs has been postulated as explanation. 89. These results clearly illustrate the anti-tum or
potential of alloreactive NK cells in the absence of GVHD. O ther remarkable results from
retrospective studies in patients who underw ent haploidentical HSCT have revealed that the
survival advantage or improved outcome was associated with NK cell alloreactivity based on
a KIR-ligand mismatch90,91. Moreover, a retrospective analysis showed that patients with AML
who had stem cell donors with NK cells expressing Cen-B KIR genes, that encode for more
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NK cell development
NK cells arise from HSCs and the BM is generally considered as the prim ary site for hum an
NK cell development.4'7 NK cells and their progenitors are also present in lymphoid organs
such as spleen, liver and lymph nodes, but can also migrate to the lung, gut and various other
tissues (reviewed in 39). W ithin the BM m icroenvironment, CD34+ HSCs and HPCs can be
forced by growth factors like IL-2 or IL-15 to differentiate into the NK cell lineage. In 2005,
Freud et al. identified a BM-derived CD34+ HPC residing in lymph nodes (LN) where further
differentiation into CD56bnght NK cells could take place40. Furthermore, they identified four
discrete stages of hum an NK cell development within secondary lymphoid tissues (SLT) based
on cell surface expression of CD34, CD 117 and CD94: i.e. stage 1, CD34+C D 117 C D 94; stage
2, CD34+C D 117+CD94‘; stage 3, CD34 CD117+CD94-; and stage 4, CD34CD117+/CD94+41.
Following NK cell development, com m itm ent to the NK cell lineage takes place at stage 3, in
which CD56 appears on the cell surface and gives rise to CD56bright NK cells in stage 4. These
data confirmed previous studies describing the abundant presence of CD56bright NK cells in
SLT.42' 43 In addition, it has been shown that CD56bright cells are the first mature NK cells to
arise after hematopoietic SCT44,45. Overall, these data support a model of in vivo hum an NK
cell development in which CD34+ NK cell precursor traffic from BM to SLT where further
differentiation into CD56bright NK cells takes place.
Up to date, a complete pathway for hum an NK cell development and m aturation has
not been described and it could be possible that NK cell precursors traffic from BM to other
tissues for term inal differentiation in situ4S. Furthermore, NK cells acquire their cytotoxic and
cytokine-production capability through a process called “NK cell licensing or education”47'48.
Although this process remains to be completely understood, it is supposed that NK cells
become functional com petent (i.e. “licensed to kill”) after engagement of IRs with self-HLA
class I ligands during the education process47,49. Based on this “licensing” model, NK cells
without expression of IRs do not complete the education process, therefore remain unlicensed
and functionally “hyporesponsive” 49'51. D uring the described transition of NK cells through
several stages of the NK cell developmental pathway, stage 3 cells transit into stage 4 cells by
acquiring CD94/NKG2A receptors. These cells are then capable to react to certain cytokines
such as IL-2, IL- 12, IL-15, IL-18 or IL-21 in order to acquire cytokine-producing functions
and low cytotoxic potential52,53. Thereafter, fully educated NK cells acquire the ability to
migrate to peripheral tissues and additionally obtain functional receptors like CD 16, NKG2D
or KIRs to become highly cytotoxic54,55.
Several NK cell progenitors have been identified in the pool of CD34+ HSCs and HPCs,
and initially NK cells were thought to develop from a bipotent progenitor for T and NK cells56.
Most ex vivo studies on NK cell development have been perform ed by culturing purified
hum an CD34+ cells from BM57, PB , CB58 and fetal liver (FL)59 mainly in the presence of IL15, IL-2, SCF and fit 3 ligand (Flt3-L) and could be differentiated into CD56+CD3‘ NK cells.
This approach has identified additional surface antigens on NK cell progenitors including
CD760, CD12261, CD16162, integrin (37 and CD45RAhigh 40. Furtherm ore, CD34+CD38‘
CD7+ cells were found to be the most primitive lymphoid precursor cells that give rise to
NK cells, B cells and DCs, but not myeloid or erythroid cells. However, also myeloid-like
CD14+CD1 lb +CD13+CD33+ cells63 or CD56'CD117+M-CSFR+ cells64 have been recently
described with the capability to differentiate into mature and functional NK cells using IL-15
and Flt3-L or stromal feeder cells. Mainly studies based on mouse NK cells and mouse models
have identified various transcription factors playing a role in regulating NK cell development

such as Ets-165, PU.166, MEF67, GATA-368, T-bet69, Irf-270, Id271-72, E4BP473. But m ost of these
transcription factors do not play an exclusive role in NK cell development as shown in
knockout experiments. Reviewing the knowledge on NK cell development, it is still unclear
how exactly the generation and differentiation of NK cells is regulated and how lymphoid or
myeloid origin and disposition of NK cells could be enlightened (see Figure 1).

NK cell-based therapy
Since NK cells have the capacity to selectively target tum or cells, several strategies for the
therapeutic use of NK cells have been explored. One strategy involved the use of cytokines
to activate endogenous NK cells. NK cell differentiation and activation is regulated by
many cytokines such as IL-2, IL-12, IL-15, IL-18, IL-21 and type I IFNs (i.e. IFN -a and
IF N -y )74. Trials assessing the effects of 1L-2 administration on activation and expansion of
autologous NK cells in patients with cancer have been performed75,76. However, results have
been variable and the outcome is highly dependent on the type of tum or and doses of the
IL-2 treatm ent. Furthermore, high-dose IL-2 treatment is associated with life-threatening
toxicities, represented by capillary leak syndrome and pulm onary edema77' 78. IL-15 may be
more efficient than IL-2 to expand NK cells because it promotes the survival of NK cells,
however IL-15 has just entered phase I/II clinical trials (NCT01021059, NCT01369888,
NCT01385423, NCT01572493) and the dosage and effect on NK cells or other im m une cells
has not been described in humans up to date79,80. Beside the activation of NK cell cytotoxicity
using cytokines, several other strategies to boost NK cell mediated tum or killing have been
postulated as combinatorial therapies, such as the use of small molecules, antibodies or
other drugs (Figure 3). Monoclonal antibodies like rituximab (anti-CD20) have been used
in patients with non-Hodgkin’s lym phom a to activate NK cells’ ADCC effector function81,82.
Nowadays also some drugs like Thalidomide, Lenalidomide, Bortezomib and Imatinib are
used to improve NK cell survival, proliferation and activation in vivo83'85. Some more complex
mechanisms for NK cell activation have emerged by using specific vaccines acting on tolllike receptors, which activate NK cells directly or indirectly by influencing dendritic cells
(reviewed in 86).
The clinical relevance of NK cells was initially discovered by ex vivo studies using
preclinical models and additionally identified in retrospective clinical studies after
haploidentical stem cell transplantations and cord blood transplantations38. Ruggeri and
colleagues dem onstrated in 2002 that NK cells were found to exert strong allogeneic immune
responses in immunodeficient mice engrafted with prim ary hum an AML13. Additionally,
they demonstrated that the NK cell alloreactivity can control relapse of AML without causing
GVHD in the setting of HLA-mismatched haploidentical allogeneic SCT13,87. Furthermore,
analysis of >90 haploidentical transplants for high-risk AML showed that NK alloreactive
transplants were associated with improved survival88. In addition, NK cell alloreactivity in
allogeneic SCT was associated with reduced rates of GVHD. As NK cells could kill patients
antigen presenting cells (APCs), reduced activation of alloreactive donor T cells by recipient
APCs has been postulated as explanation. 89. These results clearly illustrate the anti-tum or
potential of alloreactive NK cells in the absence of GVHD. O ther remarkable results from
retrospective studies in patients who underw ent haploidentical HSCT have revealed that the
survival advantage or improved outcome was associated with NK cell alloreactivity based on
a KIR-ligand mismatch90,91. Moreover, a retrospective analysis showed that patients with AML
who had stem cell donors with NK cells expressing Cen-B KIR genes, that encode for more
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activating KIRs, dem onstrated more protection against relapse and received most survival
benefit92. Therefore, NK cell based therapies have been thought to be a promising approach to
induce anti-tum or im m unity in AML and other malignancies.

Figure 4 \ Therapeutic concepts exploiting N K cells fo r eradicating tumor or virus infected cells.
Strategies to boost N K cell cytotoxicity against tumor cells have been tested in clinical trials in
both the autologous and allogeneic setting. Mainly the transfer o f alloreactive, haploidentical N K
cells as adoptive immunotherapy has been studied with very promising clinical improvementsfor
patients with AML. Furthermore, numerous combinatorial therapies using immune modulatory
agents, monoclonal antibodies, cytokines and other drugs are tested in preclinical models as well
as clinical trials.

Adoptive NK cell immunotherapy
Based on the encouraging clinical results in allogeneic SCT, adoptive transfer of allogeneic
NK cells is a promising approach to induce anti-tum or im m unity in AML and other
malignancies. In order to study the role of NK cells as a potential curative treatm ent, direct
infusions of NK cells represent the most attractive approach to enhance antitum or im m unity
in cancer patients. However, early studies using autologous NK cell infusions were not able to
show a significant clinical benefit (Supplementary Table 3). But recent clinical trials in both
the transplant and non-transplant setting have clearly dem onstrated that allogeneic NK cell

reactivity can induce clinical remission in AML patients. In the setting of HLA-mismatched,
haploidentical allogeneic SCT, it has been dem onstrated that NK cell alloreactivity can control
relapse of AML without causing severe GVHD93. Furthermore, NK cell alloreactivity due
to KIR-ligand incompatibility results in improved leukemia-free survival in AML patients
treated with CB transplantation38. Also in the non-transplant setting it has been demonstrated
that allogeneic NK cell infusions can induce hematologie CR (complete remisson) in poorprognosis elderly AML patients 94,95. Similar treatm ent options have been successfully
explored in childhood AML for inducing long-term remissions96. These infusions of enriched
allogeneic NK cells were performed following non-myeloablative immunosuppression using
cyclophosphamide and fludarabine, resulting in improved NK cell engraftment and expansion
in vivo. Importantly, the combination of chemotherapy and NK cell infusion was associated
with limited non-hem atologic toxicity and no induction of GVHD.
The first successful transfer of haploidentical NK cell in a non-transplant setting was
dem onstrated by the study of Miller and colleagues94. They dem onstrated that allogeneic NK
cell infusions with up to 2x10’ cells/kg body weight were well tolerated, without the evidence
of induction of GVHD. In this study, a heterogeneous group of 43 patients with advanced
cancers (melanoma, renal cell carcinoma and AML) received haploidentical NK cell infusions
enriched from healthy donor aphaeresis products together with IL-2 in a non-transplantation
setting. AML patients received intensive immunosuppressive conditioning chemotherapy
prior to NK cell infusions, to prevent immunologie rejection of infused donor cells and to
induce survival factors (e.g. IL-15) or to deplete cellular and soluble inhibitory factors97. The
high dose cyclophosphamide and fludarabine (Hi-Cy/Flu) regimen mediated prolonged in
vivo persistence and expansion of infused NK cells. Interestingly, 5 out of the 19 AML patients
obtained CR after adoptive transfer of enriched NK cell product, but it remains to be proven
whether solely the NK cells were responsible for the clinical effect since the infusion products
contained a mean of 40% ± 20% CD56+CD3' NK cells (range 18%-68%), 19 ± 2% B cells,
25 ± 1.6% monocytes and around 1% CD3+T cells94. Although T cell adm inistration was
limited to 2.1 ± 0.3 (range 0.5-6.5) x 105 T cells/kg, alloreactive T cell responses may have
played some role in the observed GVL effect. Toxicity was limited to constitutional symptoms
including low-grade fever, chills and myalgia mostly due to low-dose IL-2 injections post-NK
cell infusion. These findings suggest that haploidentical NK cells can persist and expand in
vivo (>1% engraftment at day 7 and beyond) and potentially reduce relapse in AML.
A more recent study (“NKAML” study) by Rubnitz and coworkers, reported the treatm ent
of pediatrie AML patients from 0.7-21 years of age in first complete remission (CR) with
haploidentical NK cell infusions96. In this “NKAML” study a median of 2.9xl07 NK cells/kg
body weight were infused and additionally 6 subsequent doses of 1x10 IU /m 2 IL-2 were given.
NK cell engraftment has been detected for a median of 10 days with a significant expansion of
KIR-HLA mismatched NK cells. Most interestingly, all patients remained in CR for a median
of more than 2.5 years.
Finally, Curti et al. reported the successful transfer of haploidentical NK cells in 13 elderly
AML patients, from which 5 had active disease, 2 were in molecular relapse and 6 were in
morphological CR95. Curti et al. infused a median of 2.74xl06NK cells /kg with a T cell content
under 105/kg. Most interestingly, 1 of the 5 patients with active disease reached transient CR
and the 2 patients in molecular relapse achieved CR lasting for 4-9 months. Furthermore,
3 of the 6 patients in CR remained disease free after 18-34 months. Infused NK cells were
found in peripheral blood and bone marrow and they showed alloreactivity against recipient’s
leukemia target cells in ex vivo studies.
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Together, these three studies strongly support the additive value of adoptive NK cell
im m unotherapy in the treatm ent of AML patients. They underline the feasibility of using
haploidentical NK cell infusion in a non-transplant setting without inducing GVHD.
However, the NK cell products used in these studies were limited in cell numbers as generally
not more than lxlO 7 NK cells/kg bodyweight were administered as a single infusion in adult
patients. Additionally, the products still contain allogeneic T cells, which indicate a certain
risk to develop GVHD. Therefore, to increase the clinical application of NK cell adoptive
immunotherapy, GM P-compliant isolation, activation and ex vivo expansion procedures are
needed to provide optimal NK cell products with higher cell number, purity and functional
activity. To date clinical studies using NK cell im m unotherapy have been mainly performed
with CD3-depleted and CD56-enriched alloreactive NK cell infusions, which were well
tolerated without evidence of induction of GVHD (Supplementary Table 3 ) 94' 95,9S. Although,
infusions with enriched peripheral blood NK cells (8-15xl06 NK cells/kg body weight) have
shown to be safe, no firm conclusions can be drawn regarding clinical efficacy at this stage,
since NK cell enrichm ent from leukapheresis products appears not sufficiënt to achieve
adequate num bers and purity of NK cells "• 10°. Another problem with peripheral blood NK
cells is their relatively low activation status following purification procedures, and therefore
these NK cell products require overnight stim ulation with IL-2 and/or IL-15 101. This indicates
that a Standard clinical application for NK cell therapeutic products from leukapheresis
products is not “just around the corner”.

Ex vivo NK cell expansion from hematopoietic stem and progenitor cells
To surpass the handicaps with the use of enriched peripheral blood NK cells, several techniques
have been explored for ex vivo expansion of NK cells to be used for adoptive immunotherapy
(Table 3). However, only few of these strategies have been developed under good manufacturing
practice (GMP) conditions, and although an average of two-log expansion has been observed
there was a substantial variability between individual donors102 106. Alternatively, NK cell
generation from hematopoietic progenitor cells was thought to be another option, as it was
commonly known that NK cells differentiate from CD34+ HSCs in the bone marrow and
lymphoid tissues 46. Initially research in this field focused on the ex vivo generation of NK
cells from BM CD34+ cells 57,107-110, but also on CD34+ cells derived from UCB 58,6X m ‘114,
a particularly rich source of HSC. These studies used a variety of culture protocols with
various combinations of growth factor and cytokine mixtures, growth factor-producing BM
stroma cells and serum -free media with or without the addition of animal or hum an sera.
Major disadvantages are, however, that these culture systems contain various animal serum
components and do not yield significant num bers of mature NK cells. Therefore, it is unlikely
that such systems will qualify for clinical application.
Interestingly, the work from Silva et al. was close to a clinical grade procedure, using no
stroma cells and only hum an serum in their culture system 115. However, they only obtained
a 10-fold cell expansion after 5 weeks of culture. This NK cell expansion method was not
continued for the following years, because it was suggested that the use of strom a cells
might have an impact on the cell proliferation us. Therefore this m ethod would disqualify
for pharmaceutical production. In 2007, Kao et al. showed that serum free expanded CD34+
cells can be differentiated into a NK cell product with an average purity of 40%-60% after 5-7
weeks of culture with a calculated mean expansion rate of 300 fold, but they used fetal bovine

serum (FBS) during the expansion phase 116. Additionally in 2008, the work by Vitale et al. was
focused on the influence of methylprednisolone on CD34+ precursor cells and their ability to
differentiate towards NK cells113. They perform ed direct NK cell differentiation without prior
CD34 expansion and supplemented RPMI-1640 medium with 10% hum an serum and 5%FBS
and a cytokine mixture including IL-15 and IL-21. After 25 days they analyzed the NK cell
differentiation and observed a 10-fold increase of cell numbers and average purity of about 30%.
In order to overcome the mentioned shortcomings, we decided to develop a novel cell
culture technology for the ex vivo expansion of CD34+cells and their subsequent differentiation
into m ature NK cells based on the use of clinical applicable serum free media without the use
of supportive feeder cells. In order to mimic the BM microenvironm ent we used components
of the extra cellular matrix (ECM) in our liquid cell culture system. These components are
Glycosaminoglycans (GAGs), which were suggested and reported already in the 1980s to play
a fundam ental role during hematopoiesis 117. Specific GAGs, such as heparins and chemically
modified variants, have been identified to support hum an hematopoiesis and direct cellular
differentiation118'120. These studies showed that heparins can directly bind to the cell surface
and cytokines and could have an influence on the cellular activity. These findings led to the
hypothesis, that GAGs, medium, growth factors and cells will form an artificial niche in our
novel liquid cell culture system, which is specified on expansion of CD34+ cells and NK cell
development (Figure 5). In this thesis, the development of a heparin and cytokine-based
m ethod for large scale expansion of functional CD56+ NK cells from hematopoietic HSC and
HPC was developed. Beside the biological characterization of the CD34+derived NK cells, the
main aim was to transfer the system into clinical practice in order to facilitate clinical trials
with NK cell im m unotherapy products.

growth factors

GAG

cations
selectin/integrin receptor
selectin/integrin binding domain
growth factor binding domain
growth factor receptor

Figure 5 \ Schematic representation o f the developed stromafree cell culture system using specific
modified Glycosaminoglycans (GAGs) and growth factor/cytokines. The culture system is based
on the form ation o f an artificial niche in a liquid cell culture system using GAGs in addition to
a basic serum free medium, cytokine mixtures and human serum. GAGs as components o f the
extra cellular matrix are able to interact with growth factors, cell surface receptors and cations.
The figure shows a model o f the theoretical interaction between GAGs and cells by form ing a
structure mediated by the presentation o f growth factors to the cellular receptors and by a direct
binding to integrin or selectin cell adhesion receptors.
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Scope of this thesis
The development of NK cell-based im m unotherapies for cancer and viral infections is an
evolving translational research field. In this respect, the seminal study by Miller et al. in 2005
played an im portant role for the scope of this thesis as it reported the first successful use of
allogeneic NK cells as adoptive cellular therapy for the treatm ent of mainly AML. However,
the use of haploidentical NK cells enriched from apheresis products of selected donors is still
ham pered by various limitations regarding cell numbers, activation status and purity of NK
cells used in clinical applications. Therefore, the main goal of this thesis was to explore a new
manufacturing procedure for NK cell products to finally apply them as immunotherapeutic
cellular therapy in a phase I clinical trial to treat poor-prognosis AML patients after Standard
chemotherapy.
As NK cells can be differentiated in ex vivo cultures from CD34+ cells the first aim was
to develop an extremely efficient cell culture process to generate high num bers of pure and
functional NK cells from UCB CD34+ stem and progenitor cells (chapter 2). A novel serum
free medium, Glycostem Basal Growth M edium (GBGM4, ) has been invented and various
combinations of cytokines and GAGs were tested. This finely tuned and robust cell culture
system resulted in a 4-log expansion potential to generate a highly pure NK cell product.
Thereafter, the feeder cell free cell culture system needed to be transferred into a larger
scale process to ensure the production of clinically relevant num bers of functional NK cells
(chapter 3). Due to the high expansion potential, we needed to manage the cell culture
volume increase from ml-scale up to liter-scale, while the purity and activity of the NK cell
products had to be maintained. Therefore, several types and combinations of static bags and
bioreactors were tested to set up a fully closed GMP (good m anufacturing practice) compliant
cell culture process.
Knowledge about the composition of the NK cell products and about NK cell development,
differentiation and activation is essential for the improvement our NK cell culture process
and to advance NK cell-based therapies w ithin the coming years. Therefore, we used a
10-color flow cytom etry assay to characterize NK cell developmental stages within various
hum an tissues, In chapter 4, we described that NK cell developmental stages, as observed in
secondary lymphoid tissues, could be found in various other tissues. Interestingly, they could
be further sub-classified by CD244 and CD33 antigen expression, showing that tissue specific
NK subsets could be detected.
In addition to the phenotypical characterization and in order to increase our knowledge
on ex vivo NK cell development, we investigated and described hum an NK cell differentiation
on a molecular level (chapter 5). By identifying specific gene expression profiles for NK cell
m aturation we compared ex vivo-generated NK cells with mature NK cells from peripheral
blood. Ex vivo generated NK cells show high similarities with mature NK cells from peripheral
blood. They have phenotypically more characteristics like CDSó1’"81'' NK cells and functionally
higher similarities compared to CD56dimNK cells.
Next, we investigated w hether our ex vivo NK cell product comprises similar NK cell
developmental stages as described for hum an tissues (chapter 6). Interestingly, we found
substantial subsets that were similar to those we identified in vivo, but there were certain
subsets exclusively found in ex vivo cultures.
Finally, chapter 7 summarizes the findings described in this thesis and discusses the
future prospects for the use of ex vivo-generated NK cell in cancer immunotherapy. At the
time of finalizing this thesis, we have initiated and included the first patiënt in a phase I trial to

infuse ex vivo generated NK cells into AML patients. Those patients are not eligible for HSCT
and receive a myeloablative conditioning regimen, followed by infusion of UCB-derived NK
cells. In this feasibility trial, our prim ary goal is to demonstrate that our product of ex vivogenerated, highly active NK cells can be safely applied as immunotherapy.
Supplementary table 1: NK cell receptors mediating inhibitory signals.

Supplementary table 2: NK cell receptors mediating activating signals.
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Mainly on
CD56bri9h'
Weak on CD56dim

145

CD27

TNFRSF7

CD44

Hyaluronan
Hyaluronan
receptor

All

146

CD59

Protectin

C8, C9

All

147

CD69

CLEC2C

Not known

Mainly on IL-2
activated

148. 149

CD94/CD159c

CD94/
NKG2C

HLA-E

Major part

124

CD96

TACTILE

CD155

Mainly on IL-2
activated

150

CD160

BY55

HLA-C

All

151

CD161

NKR-P1

LLT1, vimentin, glycans

Subset

125. 127. 152

CD223

Lag 3

HLA Class II

Mainly on IL-2
activated

153

CD226

DNAM-1

CD112, CD155

All

154-156

CD229

Ly-9

Unknown

subset

142

CD244

2B4

CD48

All

142

CD314

NKG2D

MICA, MICB, ULBP 1,2,3,4

All

157-161

CD319

CRACC

CRACC

Mature NK cells

130. 162-164

NKp46

Viral haemagglutinin,Heparin,
heparane sulfate, Vimentin,
several identified by chimeric
NKp46-Fc but not further
characterized

Major part

165-171

NKp44

Viral haemaglutinin, viral
glycoproteins.heparin and
heparan sulfates, several
identified by chimeric NKp46-Fc
but not further characterized

Mainly on IL-2
activated

165. 172-176

NKp30

B7-H6, Heparin and heparan
sulfates (controversial), several
identified by chimeric NKp46-Fc
but not further characterized

Major part

165, 168, 177-180

NKp80,
KLRF1

AICL

Major part

181, 182

KIR2DS1,
DS2,
DS3....
KIR-S

HLA, Class I

Subsets

135

NTB-A

NTB-A

All

130, 183

CD335

CD336

CD337

CD158
(several
subtypes)

CD70

01

Supplementary table 3: Generation o f NK cell products and clinical application thereof.
Purity

NK cell product

Escudier/
Hercend
1990/94

CD3 depleted non adherent PBMCs

>90% CD56

Miller
1994

CD5/CD8 depleted PBMCs

88% CD56

Adherent activated NK cells

85% CD56

Pierson
1996

CD5/CD8 depleted PBMCs

95-96% CD56

Frohn
2000

NK cell selection

85% CD56, 1%CD3,
8.5% CD14, 0.3% CD1

Carlens
2001

PBMCs

55% CD56

Luhm
2002

NK cell selection by depletion of
CD3, CD4, CD19, CD33

92% CD56

Lang
2002

CD3 depletion CD56enrichment

Torelli
2002

nonadherent PBMCs

80% CD56

Guven
2003

PBMCs

74% CD56

lyengar
2003

CD3 depletion CD56enrichment

91 % CD56
0.1% CD3
0.2% CD19
7.7% C D U

Uharek
2003

PBMCs
CD3 depletion CD56 enrichment

42-74%

Klingemann
2004

CD56 enriched PBMCs

nr

Passweg
2004

CD3 depletion CD56 enrichment

Lister
1995
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Number NK cells

Study

1,6x 108

1.3-6.8x 108
0.2-2.2X 10Vkg

99% CD56

48-99%
CD3 present
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01
<pansion/activation

Indication and setting

Major findings

Reference

VIEM 8%HS
)0 U IL-2 55 fold 13-22 days on LAZ388
eder cells

RCC (n=22) autolog

IL-2 infusions

184, 185

3MI 10%HS 1000 U IL-2 12-33 fold; 21

186

lys

3MI 10%HS, 6000 U IL-2 14-18 days 31
ld on allogeneic MNCs

Lymphoma (n=11) /
breast cancer (n=1)
autolog

Feasible and well
tolerated

1 DMEMiHams F12 10%HS; 1000 U IL-2;
-350 fold; 33 days

187

188

189

illGro SCGM, 5% HS 500 U IL-2 10 ng/
OKT3
00 fold 21 days

102

/IV020, 100 U IL-2, 10 ng/ml IL-15, PHA,
lomycin; 100 fold; 21 days

99

Preclinical (n=4)

190

Ml 886610%FBS, 50 U-IL-2 35 fold 10days on RPMI 8866 feeder cells

AML (n=13)
autolog

191

llgro SCGM 5% HS, 500 U IL-2 and 10
'ml OKT-3
1 fold 21 days

Autolog
B-CLL (n=6)

ie

NK DLI
preclinical study

! activation day 2

N=6 haploidentical
AML3, ALL1, CML1,
HD1

Ex vivo expansion

192

193

194

ÏV 010 10%HS 500 U IL-2 10 ng/ml IL104

0 fold 14 days

e

Allogeneic after
haploidentical HSCT
(n=5) 4 AML and 1 CML

No GVHD,
NK products were
freshly used but also
cryo-preserved between
1 and 3 NN infusions

195
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30-71 %
CD3 2-21 %

Slavin
2004

PBMCs
CD56 selected

Ishikawa
2004

PBMCs

Koehl
2005

2xCD3 depletion, CD56 enrichment

Torelli
2005

nonadherent PBMCs

Miller
2005

PBMCs
CD3 depletion

Ren
2007

PBMCs

McKenna
2007

CD3 depletion

2.4x108-1.3x109

18-68%;
38%
1% CD3, 31 % CD14, 26%

McKenna
2007

CD3 depletion CD56enrichment

1x107-4.7x108

77-97%
90%, 0.21 % CD3, 5% CD1
0.67% CD19

Alici
2008

PBMCs

Shi
2008

PBMCs CD3 depletion

>1x 106/kg

nn

MeyerMonard
2009

CD3 depletion CD56 enrichment

0.1-1.3X 109
0.2-3.4X 107/kg

78-98% T cells present

Berg
2009

PBMCs
CD3 depletion CD56 enrichment

1.2-6x108

86 %

1-3.4x 107/kg

95%, 0,01% CD3, 5% CD1

60-90%

2.2-15x 106/kg

18-68%

30% NK

65%

66-98% CD56 contain furtt
monocytes, T cells and no

2 activated

Hematological
malignancies NK
infusion following HSCT
3x Flaploidentical,
4xsibling and 1x
unrelated

N o-G V H D ,
2 in CR ALL and MDS,
4 alive and 3 with no
evidence of disease

196

AMa 5% AP 200 U IL-2
days on HFWT feeder cells

Glioma (n=9) autolog

IFN-P infusions, safe and
partially effective

197

/IV010 5% FFP 1000 U IL-2
Dld 10-14 days

AML1, ALL2
Pediatrie
NK DLI following
haploidentical HSCT

105

Ml 10%FBS fold RPMI 8866 feeder cells
st 24h activation with IL-2, IL-12 and IL62-95 fold 14 days

ALL (n=26)
autolog

198

'IV015 100 U-IL-2 1 day; In vivo IL-2

Haploidentical (n=43)
Various diseases
N=19 AML

CR 5/19 AML; NK
expansion due to
increased endogenous
IL-15 levels

94

? activation 4h

Solid tumors (n=11)
haploidentical

73% response rate

199

'IV015, 10% human AB serum, 1000 U/
IL-2 activation overnight

Clinical (n=36)
various applications

79% NK recovery

195

ÏV015, 10% human AB serum, 1000 U/
L-2, activation overnight

Clinical (n=13)
various applications

19% NK recovery

100

Igro SCGM 5%HS, 500 U IL-2 10 ng/ml
F3

MM (n=7)
autolog

l-V 2% HAS, 300 U/ml IL-2
/o r anti-CD3 beads
ivo IL-2
days

V020 10%human AB Serum 500 U IL-2
n™, GlutaMax on EBV-LCL
4 CO
-900 fold expansion

200

MM (n=10)
Haploidentical after
autologous HSCT

All patients relapse
NK expansion due to
increased endogenous
IL-15 levels due to Cy/
Flu conditioning
NK cell number to low

98

Allogeneic after
haploidentical HSCT
(n=24)

High cell yield has
negative impact on NK
recovery, 1 product
discarded because of
high T cell count

201

GMP certified cell line,
cryopreservation post
culture

202
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73-86% CD56VCD3"
1-10% CD56+/CD3+
6-14% CD56/CD3+

Fujisaki
2009

PBMCs and CD3 depletion after
expansion

Sutlu
2010

PBMCs

1x1010

38%

Yoon
2010

mPB CD34+ derived NK cells

9.3x 106/kg

36-90%

Rubnitz
2010

PBMCs
CD3 depletion CD56 enrichment

5-81 x 106/kg

nn

Siegler
2010

PBMCs
CD3 depletion CD56 enrichment

IL-2: 1.0 +/- 0.3
x1010
IL15: 3.0 +/- 0.8
x1010

45% +/-13%

Smith
2010

PBMCs
CD3 depletion CD56 enrichment

Geiler
2011

PBMCs
CD3 depletion

Spanholtz
2010/11

UCB CD34'

Curti
2011

PBMCs
CD56 enrichment

99.7%

0.8-3.9x 107/kg

23-56%

90-99%

1-5x106/kg
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^GM 10% FBS, 50mg/ml gentamycin
Ifate, 10 U IL-2, + K562-mb15-41 BBL
3der cells
-141 fold after 7 days

Clinical grade, large
scale
No data after CD3
depletion

203

X3M 5% human serum, 500 U/ml IL -2 ,10
/m l OKT-3, 530 fold (bags)

autologous

Low purity of final
product, no loss due to
depletion or enrichment
steps

'elocult SCF, Flt3L,IL-7, hydrocortisone
expansion
15, IL-21 hydrocortisone for
ferentiation

N=18
14 treated 11 AM L; 1
ALL 2 MDS
After HSCT
allogeneic

2 culture failures
Contaminations, T cell
c o n te n t; 1 death

205

/ivo IL-2

Childhood AML (n=10)
haploidentical

100% 2-year event free
survival

96

Large scale GMP

206

GM 5% human AB serum, 10 ng/mlOKT3
} U IL-2
10 Mg/ml
h/- 20 fold expansion

204

'IV020 10% human AB Serum 500 U
’ Tecin™, GlutaMax on EBV-LCL
% CO
■eeks 58-683 fold expansion, 42/43
:ures expanded successfully

Advanced malignancies
(n=14)

Bortezomib treatment,
multiple NK cell infusion
in 9/14 patients

207

ÏV 015 100 U-IL-2
ay
ivo IL-2

Haploidentical N=20
6 breast cancer; 14
ovarian cancer

NK expansion and
efficiency is limited due
to host T regs or MDSC

208

3M®, 10% HS, heparin
:, TPO Flt3L, IL-7, IL-2, IL-15, IL-6,
:SF, GM-CSF, 2,000 fold in large scale
up to 75,000 fold on laboratory scale

Preclinical research,
GMP/CMP production

vo IL-2

Elderly AML(n=13)
Haploidentical KIRligand mismatched

209. 210

3/6 treated in CR were
disease free after 1836 m

95

01
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Abstract
Imm unotherapy based on natural killer (NK) cell infusions is a potential adjuvant treatm ent
for many cancers. Such therapeutic application in hum ans requires large numbers of
functional NK cells that have been isolated and expanded using clinical grade protocols. We
established an extremely efficient cytokine-based culture system for ex vivo expansion of
NK cells from hematopoietic stem and progenitor cells from umbilical cord blood (UCB).
Systematic refinement of this two-step system using a novel clinical grade m edium resulted
in a therapeutically applicable cell culture protocol. CD56+CD3' NK cell products could be
routinely generated from freshly isolated CD34+ UCB cells with a mean expansion of >15,000
fold and a nearly 100% purity. These ex vivo-generated cell products contain NK cell subsets
differentially expressing NKG2A and killer immunoglobulin-like receptors. Furthermore,
UCB-derived CD56+ NK cells generated by our protocol uniformly express high levels of
activating NKG2D and natural cytotoxicity receptors. Functional analysis showed that these
ex v/vo-generated NK cells efficiently target myeloid leukemia and melanoma tum or cell lines,
and mediate cytolysis of prim ary leukemia cells at low NK-target ratios. Our culture system
exemplifies a major breakthrough in producing pure NK cell products from limited numbers
of CD34+ cells for cancer immunotherapy.

Introduction
Natural Killer (NK) cells are CD56+CD3 large granular lymphocytes that exert innate
im m unity against viral infections and cancer ‘. NK cells recognize and subsequently react
to virus-infected and transform ed cells w ithout prior immunization, basically through the
balance of signals from inhibitory and activating receptors 2. Therefore, NK cells have been
previously described as promising eifectors for adoptive immunotherapy against cancer 3.
The anti-tum or potential of NK cells has been best demonstrated during therapy of leukemia
patients with allogeneic stem cell transplantation (SCT). Ruggeri et al. dem onstrated that
NK cell alloreactivity can control relapse of acute myeloid leukemia (AML) without causing
graft-versus-host disease (GVHD) in the setting of HLA-mismatched haploidentical
allogeneic SCT 4. In addition, haploidentical NK cell infusions together with IL-2 in a nontransplantation setting have been associated with complete hematologie remission in poorprognosis patients with AML 5. These encouraging results point out that allogeneic NK cellbased im m unotherapy may be a promising therapeutic strategy for AML in both the nontransplant and post-transplant setting 5’6.
To date, m ost clinical studies exploiting allogeneic NK cells for adoptive im m unotherapy
have been perform ed with NK cells isolated from leukapheresis products by im m unom agnetic
beads selection protocols 7'12. In order to circumvent limitations in cell numbers, purity
and state of activation of such blood-derived NK cells, ex vivo expansion of NK cells with
higher purity will facilitate the infusion of a greater num ber of activated NK cells in patients
with a relatively large tum or burden or perm its multiple NK cell infusions 8’13’14. Therefore,
development of innovative strategies enabling the generation of clinically relevant NK cell
products with high cell numbers, high purity and functionality could be a major breakthrough
in NK cell-based immunotherapy.
In this study, we developed a cytokine-based m ethod for large scale expansion of
functional CD56+NK cells from hematopoietic stem and progenitor cells. Similar studies have
been perform ed previously focusing on either CD34+ hematopoietic progenitor cells (HPC)
from bone m arrow (BM) or umbilical cord blood (UCB) 1517. However, most of these culture
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systems are unsuitable for clinical application because of the use of animal sera, animalderived proteins and supportive feeder cell lines. Furthermore, most these m ethods yielded
only limited NK cell num bers for successful adoptive immunotherapy in cancer patients. In
order to surm ount these shortcomings, we established a two-step culture scheme in which we
used a novel clinical grade m edium to generate more than 3 to 4-log fold-expanded functional
CD56+ NK cells from CD34+ UCB cells, respectively. The CD56+ NK cell products generated
by this m ethod have a very high purity, contain various NKG2A and killer immunoglobulinlike receptor (KIR) expressing mature subsets and efficiently lyse AML and solid tum or cells.
These findings exemplify that this culture system could hold great promise for the ex vivo
generation of clinical grade NK cell products for cellular im m unotherapy against cancer.

Results
Ex vivo progenitor cell expansion and NK cell differentiation
The aim of this study was to develop an efficient cytokine-based ex vivo culture system for
the expansion of CD34+ cells followed by the subsequent log-scale generation of CD56+CD3
NK cells. To identify a suitable medium for clinical applicable expansion and differentiation
of NK cells, we tested different basal media using a two-step in vitro differentiation scheme
(Figure 1). Initially, we compared the media H3000, Stemline I and Stemline II seeding lxlO 4
CD34+ cells using M ethod I. We detected a strong increase in total cell numbers in all three
media, resulting in a m ean expansion rate for all experiments (n=15) of 48 ± 7 fold and 78 ±
27 fold after 1 and 2 weeks of culture, respectively. The total cell expansion was associated with
a gradual decline of the frequency of CD34+ cells from 84% ± 16% at day 0 till 47% ± 14% at
week 1 and 17% ± 9% at week 2 (Figure Sla and Slb).
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Figure 1 | Schematic diagram o f the different culture methods used fo r the ex vivo generation of
CD56+ N K cellsfrom cytokine expanded CD34* UCB cells. In Method I-III different combinations
o f cytokines were tested as described in detail in Materials and Methods starting with different
numbers o f initially seeded CD34* cells. In Method I and II, N K cells were generated from freshly
selected UCB donors and the culture duration was 5 weeks. In Method III, CD34+cells were used
from cryopreserved UCB donors and the culture period was 6 weeks. Finally, the diagram depicts
which N K products were used and displayed as results infigures and supplemental material.

Next, we investigated whether the expanded UCB derived CD34+ cells were able to
differentiate into CD56+NK cells. The differentiation step was monitored by the analysis of the
cell surface molecules CD34, CD 117, CD56, CD94 and CD 161, which have been described
to be expressed at different hum an NK cell developmental stages in vivo ls. We observed after
3 weeks total culture duration that the percentage of CD34+ cells further declined, while the
CD56+CD161+CD94+NK cell population increased to 10-18% (e.g. Figure 2a). Thereafter, the
population of CD56+CD161+CD94+ cells rapidly increased to 60-77% after 4 weeks and 8096% after 5 weeks of culture (e.g. Figure 2a).
Although we could not detect significant differences between the different basal media,
the purity of the CD56+ cell product appeared slightly higher with H3000 (77% ± 24%; n=6)
and Stemline I m edium (75% ± 21%; n=3) compared to Stemline II medium (66% ± 17%;
n=6) (Figure 2b). Furtherm ore, a trend was observed towards higher CD56+ cell numbers
with Stemline I m edium (range 4xl06- l.lx l0 8CD56+ cells; n=6) followed by H3000 (5.2xl065.4xl07 CD56+ cells; n=3) and Stemline II m edium (range Ix l0 6-2xl07 CD56+ cells; n=6)
(Figure 2c). The mean total cell expansion after 5 weeks of culture with Stemline I medium
was -4,400-fold and with H3000 m edium ~3,200-fold, but only ~850-fold expansion with
Stemline II (Figure 2d). These results indicate that the culture conditions support an effective
outgrowth of CD56+ NK cells with a high purity of the final NK cell product after a culture
period of 5 weeks using various basal media.
Superior expansion of extremely pure NK cell products
was achieved using a novel clinical grade medium
Although high expansion rates and purities could be obtained with current commercial
available basal media, we were not satisfied with the purity of the CD56+ NK cell product
following 5 weeks of culture using M ethod I (Figure 1). To further increase the efficiency of
our culture method, we tested a newly formulated serum-free m edium, designated Glycostem
Basal Growth Medium (GBGM®), which is produced under GMP conditions and suitable
for clinical applications. In addition, we slightly adjusted the cytokine conditions during the
expansion step, since we observed that expansion of CD34Hcells was most prom inent during
the first week of culture (Figure Sla and Sic). Furthermore, to increase the balance towards
expansion of NK cell progenitors, we added IL-15 instead of TPO to the expansion medium
from day 9 of culture, and left out Flt3L in the differentiation medium (Figure 1). Using this
modified M ethod II, culture in GBGM® resulted in superior CD34+ cell expansion during
the first week and subsequent differentiation into CD56+ NK cells (Figure 3 and Figure Sle).
The total cell expansion rate in GBGM® increased to >15,000 fold (range 16,991-73,666; n=3)
(Figure 3a). More importantly, ex vivo generation of CD56+ NK cells in GBGM® yielded
also a significant higher purity of 99%±1% (n=3) compared to H3000 with 88%±3% (n=3;
p<0.05) and Stemline I with 63%±24% (n=3; p<0.05), respectively (Figure 3b). These data
dem onstrate that the inventive modified culture system using the newly formulated GBGM®
m edium results in more than 4-log expansion of pure hum an NK cells from freshly selected
CD34+ cells.
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Figure 2 \ Ex vivo generation o f CD56+ N K cells from cytokine-expanded CD34+ UCB cells.
CD34-enriched UCB cells were expanded fo r two weeks using three different media (H3000,
Stemline I and Stemline II) and subsequently differentiated into N K cells fo r three additional
weeks in the same basal medium usingMethod I (see Figure 1). Cell cultures were weekly analyzed
fo r cell numbers and phenotype using FCM. (a) Representative example o f antigen expression
during the two-step culture period using H3000 medium. One week after the onset o f the N K
cell differentiation step 2 (i.e. after 3 weeks total culture duration) the CD56+CD16VCD94+N K
cell population increases and reaches high purity after 3 weeks o f differentiation (i.e week 5). (b)
Mean CD56+ cell frequency during the 5 week culture period fo r three different media, which
have been tested in parallel experiments using 3 -6 UCB donors, (c) Mean total CD56+ NK cell
numbers after initial seeding o f lxlO 4 CD34* UCB cells during 5 weeks o f culture using Method
I. Data represent a theoretical calculation based on the actual expansion rates o f CD56* cells.
Totalyield ofCD56+cells at each week was calculated by multiplying the expansion rateper week
with the number o f cultured cells. (d) Mean fold expansion o f total cells after initial seeding of
lxlO 4 CD34* UCB cells during 5 weeks o f culture using Method I. Data represent a theoretical
calculation based on the actual expansion rates o f total cells.
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Figure 3 \ Superior expansion o f UCB-derived CD56+ N K cells using a novel clinical grade
medium. The new GBGM* medium was compared with two previously tested media in the N K
cell generation system according to Method II (see Figure 1). Cell cultures were weekly analyzed
fo r cell numbers andphenotype using FCM. (a) Fold expansion oftotal cells after initial seeding
o f 1x104 CD34+ UCB cells was determined during 5 weeks o f culture. Data represent the
calculation based on the actual expansion rates oftotal cells and are displayed as mean ± SD of
three different experiments. (b) CD56+ cell frequency during the differentiation stage fo r three
different media, which have been tested in parallel experiments using three UCB donors. Data
are depicted as mean ± SD. * represents a p-value o f ,0.05.
Phenotypic profile o f CD56+NK cells derived
from expanded CD34+ cells
Flow cytometric analysis revealed that the ex vivo-generated NK cells after 5 weeks of culture
contained a homogeneous cell population displaying high expression of CD56 in the absence
of CD3 (Figure 4a). A high frequency of this CD56+CD3 NK cell population displayed
expression of CD94, while only a limited subset was positive for CD 16. Furtherm ore, NK
cell products displayed homogeneous and relatively high expression of NKG2D and the
natural cytotoxicity receptors (NCR) NKp30, NKp44 and NKp46, whereas NKG2A was

47 I 48

more differentially expressed (Figure 4b and Figure S2a). Additionally to these findings we
detected high expression of 2B4 (CD244) and NKR-P1 (CD161) as typical NK cell receptors,
while NKG2C and NKp80 were absent or expressed at relatively low levels. In addition, we
observed high expression of M HC class I (HLA-ABC) and cytokine receptor chains for IL-2
and IL-15 (CD 122; IL-2/IL-15R(3) and SCF (CD 117; c-kit-R), which are im portant for NK cell
differentiation, expansion and activation.
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Figure 4 | Phenotypical profile o f ex Vxvo-generated NK cells using Method II with GBGM*.
(a) Flow cytometric analysis o f a representative N K cell product generated from CD34+UCB
progenitor cells. Cells at 5 weeks o f culture were analyzed fo r expression o f CD56, CD3,
CD94 and CD16. (b) Expression o f a repertoire o f receptors important fo r regulating N K cell
activity, including C-type lectin receptors, natural cytotoxicity receptors and cytokine receptors.
Histograms show expression o f the antigen o f interest (black histogram) compared to the specific
isotype control (grey histogram), (c) Acquisition o f KIR+N K cell subsets during ex vivo N K cell
generation from expanded CD34+ UCB cells. KIR expression was determined at week 4 and 5
during the differentiation step by FCM.

KIR repertoire analysis showed significant individual differences in the frequency of KIRexpressing NK cell subsets between various UCB donors. KIR+ NK cell subsets could already
be detected at week 4 of culture and remained relatively stable until the end of the culture
period at week 5 (Figure 4c and Figure S2b). While some CD56+ NK cell products contained
positive cells for all four KIR phenotypes analyzed (Figure 4c), others specifically lacked the
KIR2DL1/DS1+ subset (Figure S2b). Generally, the KIR2DL2/DL3/DS2+ subset was present
in a higher proportion in all NK cell products analyzed so far, which is in agreement with
earlier observations that recovery of KIR2DL2/DL3/DS2+ NK cells is faster compared to the
KIR2DL1/DS1+ subset following HSCT '9.
Taken together, these results illustrate that UCB-derived NK cells generated with our
optimized culture system contain developmentally mature NK cell populations expressing
NKG2A, KIR and various activating receptors.
Ex vivo-generated CD56+KIR+ and CD56+NKG2A+ NK
cells are functionally regulated by MHC class I expression
Phenotypic analysis showed that our ex v/vo-generated NK cell products contained up to
10% CD56+KIR' cells and a high proportion (40-60%) CD56+NKG2A+ cells. To determine
cytolytic activity of these subsets and investigate if this activity is regulated by the expressed
inhibitory receptors, we perform ed CD107a-based degranulation assays using HLA-negative
K562 cells and KG la cells expressing relatively high levels of HLA-ABC and -E (see Table
1). For these experiments, we used two ex vfvo-generated NK cell products that contained
approximately 15-30% CD56+CD107a+cells upon co-culture with K562 (Figure 5 and Figure
S3). In contrast, K G la cells hardly stimulated degranulation of these NK cell products,
indicating that cytolytic activity is inhibited by HLA expression. Similarly, around 35% of
the CD56+KIR2DL2/DL3+ subset degranulated upon triggering by K562, while only a small
percentage (<5%) expressed CD107a following co-culture with K G la (Figure 5a and Figure
S3). In agreement with these results, degranulation by the CD56+KIR2DL2/DL3+subset could
be specifically inhibited by K562 cells transfected with the HLA-C group 1 allele HLA-Cw3,
while transfection of the HLA-C group 2 allele HLA-Cw4 allele had not effect (Figure S4).
Finally, we observed that also the dom inant CD56+NKG2A+ subset was able to efficiently
degranulate in response to K562 (28% CD107a+ cells), while degranulation towards KGla
was low probably due to relative high expression of HLA-E molecules (Figure 5b and Table
1). These data dem onstrate that the KIR+ and NKG2A+ subsets within the UCB-derived NK
cell products are fully responsive mediating strong degranulating activity, which is regulated
by the expression of M HC class I molecules on the engaged target cells.
Ex v/vo-generated NK cells efficiently target leukemia and solid tumor cells
To determine the cytotoxic potential of the ex v/vo-generated NK cell products, we performed
flow cytometry-based cytotoxicity assays using various myeloid leukemia cell lines (K562,
Lama, Kasumi and KGla), primary AML cells and two melanoma cell lines (BLM and FM3).
O ur ex vivo-generated NK cells mediated efficient lysis of K562 cells (-40% and -90% after 4
and 24 hrs, respectively) at a very low E:T ratio of 2:1 (Figure 6a). Furthermore, profound lysis
could be observed against MHC class I-expressing KGla cells (-20% and -40% after 4 and 24
hrs, respectively). Interestingly, NK cells cultured in GBGM® showed higher cytotoxicity and
degranulating activity as compared to NK cells cultured in H3000 medium from the same UCB
donor (Figure S5a-c). Furthermore, we found that GBGM® -derived NK cells showed higher
expression of the activating receptors NKG2D, NKp30, NKp44 and NKp46 (Figure S5d).
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Figure 5 | Responsiveness o f ex vivo-generated KIR* and NKG2A+ N K cells to M HC class
I-deficient target cells. Ex vivo -generated N K cells using Method II with GBGM8 were incubated
alone, or 18 hours with M H C class I-negative K562 or M HC class I-expressing KG la cells at an
E:T ratio o f 1:1. Cells were then stained fo r CD56, CD3, KIR orNKG2A, and the degranulation
antigen CD 107a. (a) Degranulation oftotal CD56+CD3- N K cells and KIR2DL2/DL3+ N K cell
subset expandedfor 5 weeks from CD34* UCB cells. Density plots are gated on CD56*CD3 N K
cells and the histogram plots show the CD 107a degranulation o f the KIR2DL2/DL3+N K cells.
(b) Degranulation o fto ta l CD56+CD3- N K cells and NKG2A+N K cell subset expanded fo r 6
weeks from CD34* UCB cells. Density plots are gated on CD56*CD3~ N K cells and the histogram
plots show the CD 107a degranulation o f the NKG2A* N K cells.

Table 1. HLA-C subtype, KIR group and cell surface expression of HLA molecules by the
different target cell lines.
Cell line

HLA-Cw typing1

KIR group

HLA-ABC2

HLA-E2

K562

Cw*03, C w '05

C1 & C 2

<1

2

KG1a

C w '04, C w ‘ 16

C1 &C2

101

5

Lama

C w '05, Cw"12

C1 & C2

73

5

Kasumi

C w '03 . C w '08

C1

9

<1

BLM

C w*07

C1

121

<1

FM3

Cw*05

C2

132

6

'HLA-Cw typing was performed by SSO-PCR using sequence specific primers according to ASHI
guidelines.
2Expression of HLA molecules was measured byflow cytometry and expressed as delta M FI (=
MFI specific antibody - MFI isotype control). HLA class A and B types of the cell lines were:
K562 (A *ll, A*31, B*18, B*40), Lama (A*02, A*25, B*18, B*44), Kasumi (A*26, B*40, B*48),
KGla (A*30, B*53, B*78), BLM (A*02, B*07) andFM 3 (A*02, B*44).

Figure 6 \Functional activity of ex vivo -generated CD56* NK cells using Method II with GBGM* ►
(a) Specific cytotoxicity of a CD56* NK cell product (98% purity) against the myeloid leukemia
cell lines K562 and KGla. Specific lysis was determined after 4 and 24 hours of co-culture in
a FCM-based cytotoxicity assay at an E:T ratio of 2:1. Data are displayed as mean ± SD of
triplicate wells. (b) Degranulation ofCD56* NK cells was determined by FCM as the percentage
of CD 107a* cells. Results are depicted as mean ± SD of triplicate wells. (c) IFNy production
was determined by ELISA and depicted as mean ± SD of triplicate measurements. (d) Specific
cytotoxicity of another CD56* NK cell product (95% purity) against the myeloid leukemia cell
lines K562, Lama, Kasumi and KGla, and the melanoma cell lines BLM and FM3. Specific lysis
was determined after 18 hours of co-culture in a FCM-based cytotoxicity assay at an E :T ratio
of 1:1. Data are displayed as mean ± SD of triplicate samples, (e) Degranulation of CD56* NK
cells was determined by FCM as the percentage of CD107a+ cells after overnight stimulation
with different targets. Data are depicted as mean ± SD o f triplicate samples, (f) IFNy production
was determined by ELISA and depicted as mean ± SD of triplicate measurements. (g) Specific
cytotoxicity of a third CD56* NK cell product (97% purity) against primary AML cells from 5
different patients. Specific lysis was determined after 24, 48 and 72 hours of co-culture in a FCMbased cytotoxicity assay at an E:T ratio of 3:1. Data are displayed as mean ± SD o f triplicate
samples.
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In addition to effective lysis o f K562, also the leukemia cell lines Lama and Kasumi as well
as the BLM and FM3 melanoma cells were efficiently lysed by the NK cells (Figure 6d).
Interestingly, a monolayer o f FM3 melanoma cells was completely destroyed within one hour
o f co-culture with NK cells (see Supplementary Video). High NK cell-mediated cytolytic
activity against leukemia and melanoma cell lines was associated with a high percentage of
CD107a+ NK cells (Figure 6b and 6e) and significant production of IFNy (Figure 6c and 6f).
Finally, we investigated whether primary leukemia cells are susceptible to killing by the ex
vz'vo-generated NK cells. Therefore, we performed cytotoxicity assays with AML cells from
five different patients. Primary AML cells from three patients (Pt 2 ,4 and 5) were substantially
killed within 3 days of co-culture at a low E:T ratio of 3:1 albeit less potent than K562 cells
(Figure 6g). These results indicate that UCB-derived NK cells generated by our efficient
culture method have the ability to kill myeloid leukemia and solid tumor cells.

02

E x vivo generation of NK Cell products from frozen CD34+ UCB cells
To investigate whether our NK cell expansion protocol could be adapted to a clinically
applicable procedure, we have performed experiments using GBGM® medium in which we
left out LIF and M lP-lct in the low-dose cytokine mixture because these cytokines are not
available clinical grade. Furthermore, we performed these experiments using CD34+ cells
selected from thawed UCB according to Method III depicted in Figure 1. Thawing and CD34+
cell selection resulted in obtaining 1.30±0.61xl06 (range 0.8 4 -2 .50 x l0 6) CD34+ UCB cells
from six donors (Table 2). Ex vivo generation using Method III resulted in a calculated NK
cell yield of 4.6±2.4xl09 (range 1.9-7.8xl09) NK cells with a purity of >95% after 6 weeks of
culture (Table 2). The expansion rate ranged between 1,500 and 6,500 fold starting with CD34+
cells from cryopreserved UCB. These data demonstrate that the transfer of our described
procedure to clinical applicable conditions is feasible, and generates pure NK cell products
with a more than 3-log expansion potential.

Discussion
Here, we report a novel and highly potent two-step culture method for the ex vivo generation
of functional NK cells for clinical application in the treatment of patients with AML and other
malignancies. We implemented a new clinical grade basal medium, designated GBGM®, which
facilitates efficient ex vivo HPC and NK cell expansions. Our method enables the generation
o f functional human NK cells more than 4-logs from CD34+ cells enriched from freshly
collected UCB units and more than 3-log from frozen UCB. To the best of our knowledge,
this is the first demonstration that human CD56+ NK cells can be efficiently generated ex vivo
at such high log-scale magnitude.
Similar studies have been reported previously using different combinations o f cytokines
with or without feeder cell lines and use of animal and human sera15-17'20-24. For instance, a recent
study by Kao et al. showed that serum-free expanded CD34+ cells could be differentiated into
a NK cell product with an average purity of 40%-60% after 5-7 weeks of culture. They reached
a calculated mean expansion rate o f 300-fold, but used fetal bovine serum during the NK cell
generation phase 16. Compared to these recently published data, our novel culture system
holds great promise, resulting in more than 3-log-scale ex vivo generation of NK cell products
with nearly 100% purity using clinical grade medium, human serum, and cytokines. The
only cytokines that are currently or in the near future not available as clinical grade reagents
are LIF and M lP -la, which are part of the low-dose supporting cytokine cocktail. However,
experiments using CD34+ selected cells from cryopreserved UCB revealed that these two
factors can be discarded without the loss o f the NK cell expansion potential of our refined
protocol (Table 2). Taking the high expansion potential, our system allows the generation of
an average number o f 4.6x10'° NK cells from frozen CD34+ UCB cells (Table 2). Moreover,
preliminary upscaling experiments in cell culture bags revealed, that the established culture
procedure generates up to 2 x l0 9 NK cells with the same phenotype and function as shown for
the NK cell populations generated in tissue culture plates. (data not shown). These findings
indicate that our refined ex vivo expansion protocol has the potential to produce more NK
cells (i.e. .2x l09 with a purity between 95-99% ) as compared to purification o f mature NK
cells from a 15 liter lymphapheresis procedure, which yields 0.25xl09±0.14xl09 (range 0 .010.47xl09) NK cells according to the published data o f McKenna et al. in 2 0 0 7 9.
The NK cell product generated by our method displayed reproducibly an activated
phenotype with a high expression o f CD56 and various activating receptors, such as NKG2D,
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Table 2. Overview of CD34+ cell selections and NK cell culturing procedures
Method I - H3000

Method I - Stemline I

CD34

C D 34

C D56

C D56

CD56

(%)

cells (x106)

(%)

cells (x109)

(% )

CD56
cells (x109)

Method I - Stemline II
CD56
(% )

C D56
cells (x109)

&

UCB1

78

1.10

50

0.57

74

1.20

87

2.20

UCB2

55

0.32

88

0.68

65

0.15

82

0.15

CHAPTER

UCB3

93

0.52

94

3.10

43

0.55

71

0.50

UCB4

69

0.45

n.d.

n.d.

99

3.50

57

0.12

UCB5

87

0.20

n.d.

n.d.

75

0.40

48

0.02

02

UCB6

83

0.94

n.d.

n.d.

97

10.0

49

0.12

mean

78

0.59

77

1.50

75

2.70

66

0.51

SD

14

0.36

24

1.40

21

4.00

17

0.82

range

55-93

0.2-1.1

50-94

0.57-3.10

43-99

0.15-10.0

48-87

0.02-2.20

median

81

0.49

88

0.68

75

0.90

64

0.14

C D34

CD34

C D56

C D56

C D 56

(% )

cells (xlO 6)

(% )

cells (x109)

<%)

Method II - H 3000

Method II - Stemline I
C D56
cells (x109)

Method II - GBGM
C D56

C D56

(% )

cells (x109)

UCB7

68

0.50

91

11.0

40

0.69

98

7.70

UCB8

79

0.20

89

6.10

60

0.66

99

8.50
18.0

UCB9

96

0.24

85

3.40

88

3.20

100

mean

81

0.31

88

6.90

63

1.53

99

11.0

SD

14

0.16

3

4.00

24

1.50

1

5.50

range

68-96

0.20-0.50

85-91

3.40-11.0

4 0-88

0.69-3.20

98-100

7.70-18.0

median

79

0.24

89

6.10

60

0.69

99

8.50

CD34

C D34

CD56

C D 56

(% )

cells (x106)

(% )

cells (x109)

UCB10

98

0.84

99

5.50

UCB 11

96

1.20

96

1.90

UCB12

95

1.00

97

2.00

UCB13

88

0.92

95

4.00

UCB14

98

1.30

97

6.60

UCB 15

98

2.50

97

7.80

mean

96

1.30

97

4.60

Method III - GBGM

SD

4

0.61

1

2.40

range

88-98

0.84-2.50

95-99

1.90-7.80

median

97

1.10

97

4.70

Table 2 shows a summary ofall different experiments and the corresponding UCB donors using
the different culture methods I-III and media (see Figure 1). The purity and the total number
of CD34* cells after immunomagnetic selection determined by FCM are depicted for each UCB
donor. The CD56 content after 5 weeks (Method I and II) or 6 weeks (Method III) of culture
was analyzed by FCM as described in Materials and Methods. Numbers ofN K cells represent a
theoretical calculation based on the actual expansion rates ofCD56+NK cells and were calculated
using the initial numbers of CD34* cells from each UCB multiplied by the NK cell expansion
ratefrom each culture procedure. The mean ± Standard deviation (SD), range and median are
calculated fo r each method and medium separately.

NKp30, NKp44 and NKp46. In line with earlier observations, our ex v/vo-generated NK
cells cultured in the presence of IL-2 and IL-15 showed a CD56bright phenotype o f which
only a subset expressed CD16 20'21'25-26. The resulting NK cell products contained 40-60%
CD56+NKG2A+ NK cells and up to 10% of the CD56+ population expressed various KIRs,
though there was considerable variation in the frequency o f KIR+NK cell subsets between the
different UCB donors. According to the NK cell differentiation model of Freud and Caligiuri,
our ex vivo-generated NK cell products predominantly contain developmentally mature NK
cells expressing high CD94/NKG2A, CD117 and/or KIR mediating potent cytolytic activity
against K562 cells 27. A minority of the CD56+NK cells in our products are phenotypically
immature lacking NKG2A and KIR. However, these immature NK cells may have the potential
to maturate in vivo following adoptive transfer. Interestingly, Cooley et al. have shown that
CD56+NKG2A KIR' NK cells are able to mature in vitro upon culture with IL-15 and a stromal
feeder cell line 28. Phenotypic analysis have revealed that UCB-derived NK cells generated
with our protocol display expression of cytokine receptors including IL-2/IL-15R(3 (CD122),
which may promote in vivo survival, expansion and maturation upon transfer following
immunosuppressive therapy.
The strong cytotoxic activity of our UCB-derived NK cells against various tumor cell lines
as well as the cytolysis of primary AML cells were displayed by specific lysis, CD 107a-mediated
degranulation and the production of IFNy. Most experiments were done with AML cell lines
and primary AML cells, which has been shown to be an attractive target for NK cell-mediated
immunotherapy5,e. Interestingly, we also observed efficient lysis of melanoma cell lines, which
strengthens the therapeutic potential o f our NK cells product also towards non-hematological
cancers. Most recently, several studies demonstrated, that NK cell-mediated cytotoxicity and
the use of NK cell-based immunotherapy could be an efficient approach for the treatment of
melanoma, which was also demonstrated in a phase I trial using the NK-92 cell line 29'31.
In conclusion, the method presented here provide an important advance for generating
clinically relevant NK cell products from hematopoietic stem and progenitor cells with high
cell numbers, high purity and functionality for use in NK cell-based immunotherapy. These ex
vivo-generated NK cell products can be exploited for adoptive immunotherapy either following
haploidentical SCT to boost NK cell-mediated graft-versus-leukemia reactivity or in the nontransplant setting following lymphodepleting immunosuppressive regimens. Our current NK
cell generation protocol has been optimized for the use of CD34+ cells from UCB, which
can be readily obtained from cord blood banks. Furthermore, the described modifications
of our protocol and use o f the GBGM® medium have also enabled the generation o f clinical
relevant numbers of NK cells from bone marrow or mobilized peripheral blood CD34+ cells
(preliminary data not shown). Currently, our first aim is to explore the feasibility of adoptive
transfer of ex v/vo-generated NK cell products from KIR-ligand mismatched UCB donors in
elderly patients with AML following an intensive immunosuppressive regimen. Important
aspects to study in this trial are whether ex v/vo-generated NK cell products are able to survive
and expand in vivo following infusion into preconditioned patients.

Materials and Methods
Cell lines
Cell lines (K562, KG la, Lama, Kasumi, BLM and FM3) were cultured in Iscoves modified
Dulbecco’s medium (IMDM; Invitrogen, Carlsbad CA, USA) containing 50 U/ml penicillin,
50 [ig/ml streptomycin and 10-20% fetal calf serum (FCS; Integra, Zaandam, The Netherlands)
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Characteristics of the cell lines used in functional assays are shown in Table 1. Clonal K562
cell lines expressing HLA-Cw*0301 and/or HLA-Cw*0403 were used as target cells to
analyze specificity of the UCB-derived NK cells. Briefly, K562 cells were transfected with full
length HLA-Cw0301 cDNA inserted into the EcoRI and HindlII sites of expression vector
pcDNA3.1(-) (Invitrogen, Paisley, UK) and HLA-Cw*0403 cDNA ligated into the pEF6/
V5-His expression vector using the TOPO TA Expression kit (Invitrogen). The cell lines
K562-Cw*0301, K562-Cw*0403 and K562-Cw*0301/0403 showed stable and strong HLA
class I expression (>95%) analyzed by flow cytometry using the HLA class I antibody W6/32
(Sigma, Steinheim, Germany). The (co-)expression o f HLA-Cw*0301 and HLA-Cw*0403 was
confirmed by sequencing of HLA-Cw cDNA .
Isolation of CD34-positive stem and progenitor cells
UCB units have been obtained at birth after normal full-term delivery with written informed
consent with regard of scientific use from the cord blood bank of the Radboud University
Nijmegen Medical Center (RUNMC). UCB samples were stored at room temperature and
processed within 24 h after collection. Mononuclear cells (MNC) were isolated by FicollHypaque (1.077 g/ml; GE Healthcare, Uppsala, Sweden) density gradiënt centrifugation.
Alternatively, UCB samples were thawed at 37°C and resuspended in CliniMACS buffer
(Miltenyi Biotech, Bergisch Gladbach, Germany) containing 5% HSA, 3.5 mM MgCL, and
100 U/ml Pulmozyme (Genentech). After 30 min of incubation, thawed UCB cells were
washed and used for CD34+ cell selection. CD34+ cells were isolated from MNC using antiCD34 immunomagnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany) according to
manufacturer’s instructions. The cell number and purity of the enriched CD34+ fraction was
analyzed by flow cytometry. Purity of the obtained cell populations was 85±13%.
Ex vivo expansion of CD34-positive progenitor cells
CD34+ UCB cells were plated into 24-well tissue culture plates (Corning Incorporated,
Corning, NY). The following basal media were used in this study: StemSpan® H3000
(Stemcell Technologies, Grenoble, France), Stemline 1“ and Stemline II” Hematopoietic Stem
Cell Expansion Medium (Sigma-Aldrich, Zwijndrecht, The Netherlands) and Glycostem
Basal Growth Medium (GBGM®) (Clear Cell Technologies, Beernem, Belgium)(Figure 6).
H3000 and Stemline media were supplemented with 20 mg/ml ascorbic acid, 50 pmol/1
ethanolamine, 50 (amol/1 sodium selenite, 25 pmol P-mercaptoethanol (all Sigma Aldrich),
100 U/ml penicillin, 100 (ig/ml streptomycin and 2 mmol/L L-glutamine (all Invitrogen). All
media used in Method I and II were supplemented with 10% human serum (HS; Sanquin
Bloodbank, Nijmegen, The Netherlands) and a low-dose cytokine cocktail consisting o f 10 pg/
ml GM-CSF, 250 pg/ml G-CSF, 50 pg/ml LIF, 200 pg/ml M lP -la (all Stemcell Technologies)
and 50 pg/ml IL-6 (CellGenix, Freiburg, Germany), which was based on studies using the
fetal liver-derived stromal cell line AFT024 32. In Method III, LIF and M lP -la were left out
of the low-dose cytokine mixture. In addition, a high-dose cytokine cocktail was added
consisting o f 27 ng/ml SCF (CellGenix), 25 ng/ml Flt3L (CellGenix), 25 ng/ml TPO (Stemcell
Technologies) and 25 ng/ml IL-7 (Stemcell Technologies). During the first 14 days o f culture,
low molecular weight heparin (LMWH) (Clivarin&; Abbott, Wiesbaden, Germany) was added
to the expansion medium in a final concentration of 25 ng/ml. In Method II and III, TPO was
replaced by 20 ng/ml IL-15 at day 9-14. Cell cultures were refreshed with new medium every
2-3 days. Cultures were maintained in a 37°C, 95% humidity, 5% C 0 2 incubator.

Differentiation of ex vivo expanded CD34-positive cells into NK cells
Expanded CD34+ UCB cells were differentiated and further expanded using NK cell
differentiation medium. This medium consisted of the same basal medium as used for
the CD34 expansion step supplemented with 10% HS, the low-dose cytokine cocktail (as
previously mentioned) and a new high-dose cytokine cocktail consisting of 20 ng/ml IL-7,
22 ng/ml SCF, 1000 U/ml IL-2 (Proleukin®; Chiron, München, Germany) and 20 ng/ml IL15 (CellGenix). Flt3L (20 ng/ml) was only added to the differentiation media in Method I
(Figure 1). Medium was refreshed twice a week from day 14 onwards. Total and CD56+ cell
expansion at each week o f culture was calculated by the number of cultured cells divided by
the number of seeded cells. The number of seeded cells was reduced by dilution with fresh
differentiation medium. The theoretical total cell numbers were calculated by multiplying the
expansion rate per week with the number cultured cells.
Flow cytometry
Cell numbers and expression of cell-surface markers were determined by FCM. Briefly, cells
were incubated with the appropriate concentration antibodies for 30 min at 4° C. After washing,
cells were resuspended in Coulter® Isoton® II Diluent (Beekman Coulter) and analyzed using
the Coulter FC500 flow cytometer (Beekman Coulter). Cell numbers and NK cell purity have
been determined by gating on CD45+ cells in combination with forward scatter (FS) and side
scatter (SS). For phenotypic analysis o f the NK cell products, living cells were gated only
on FS/SS and further analyzed with the specific antigen o f interest.The following conjugated
antibodies were used: anti-CD16-FITC (NKP15), anti-CD94-FITC (HP-3D9), anti-NKG2DPE (1D11) (BD Biosciences Pharmingen, Breda, The Netherlands), anti-CD161-PE (191B8),
anti-NKG2A-PE (Z199), anti-CD122-PE (CF1) (Immunotech, Marseille, France), antiNKG2C-PE (134591), anti-NKp80-PE (239127) (R&D System, Abingdon, UK), anti-CD45ECD (J33), anti-CD l 17-PE-Cy5 (104D2D1), anti-CD34-PE-Cy7 (581), anti-CD56-PE-Cy7
(N901), anti-NKp30-PE (Z25), anti-NKp44-PE (Z231), anti-NKp46-PE (BAB281), antiCD158a,h-PE (EB6.B), anti-CD158bl/b2-PE (GL183), anti-CD158el/e2-PE (Z27), antiCD158i-PE (FES172), anti-CD3-ECD (UCHT1), anti-CD244~PE (C l.7), anti-CD25-PE-Cy5
(B l.49.9), anti-CD7-PC5 (8H8.1), anti-CD2-FITC (39.C1.5) (all Beekman Coulter, Woerden,
The Netherlands) and anti-HLA-ABC-PE (W6/32) (Dako, Enschede, The Netherlands).
Flow cytometry-based cytotoxicity and degranulation studies
Flow cytometry-based cytotoxicity assays were performed as described previously33with minor
adaptations. Target cells were labeled with 0.5 j^M carboxyfluorescein diacetate succimidyl
ester (CFSE; Molecular Probes Europe, Leiden, The Netherlands) in a concentration o f 1x10"
cells per ml for 10 min at 37°C. The reaction was terminated by adding an equal volume of
FCS, followed by incubation at room temperature for 2 min and stained cells were washed
twice with 5 ml IMDM/10% FCS. After washing, cells were resuspended in IMDM/10% FCS
to a final concentration of 2 x l0 5/ml. CD56+ NK cells were washed with PBS and resuspended
in IMDM/10% FCS to a final concentration of 2 x l0 5/ml. Target cells (2 xl0 4) were co-cultured
with effector cells at different E:T ratio’s in a total volume of 200 ml IMDM/10% FCS in
96-wells flat-bottom plates. NK cells and target cells alone were plated out in triplicate as
Controls. NK cell co-cultures with primary AML cells were supplemented with IL-3 (50 ng/
ml), SCF (25 ng/ml), Flt3L (20 ng/ml), GM-CSF (100 ng/ml) and G-CSF (100 ng/ml). To
measure degranulation by NK cells, anti-CD107a (H4A3; BD Biosciences) was added in a
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1:200 dilution to the co-cultures. After incubation for 4 or 24 h at 37°C, 50 ml supernatant
was collected and stored at -20°C for later use to measure cytokine production. Cells in the
remaining volume were harvested and the number of viable target cells was quantified by
flow cytometry. Target cell survival was calculated as follows: % survival = {[absolute no.
viable CFSE+ target cells co-cultured with NK cells]/[absolute no. viable CFSE+ target cells
cultured in medium]}* 100%. The percentage specific lysis was calculated as follows: % lysis
= {100-[% survival]}. Degranulation o f NK cells during co-culture was measured by cell
surface expression o f CD107a34,35. After 2 ,4 or 24 hrs of incubation at 37°C, the percentage of
CD107a+ cells was determined by flow cytometry.
IFNy production assay
Production of IFNy by target cell-stimulated NK cells was measured in the supernatant of the
co-cultures by ELISA (Pierce Endogen, Rockford, IL, USA). Absorbance was measured at 450
nm with a Multiscan MCC/340 ELISA reader (Titertek, Huntsville, Alabama, USA).
Life imaging NK cell-mediated killing
NK cell-mediated killing of solid tumor cell lines was visualized by life imaging Images
were acquired on a Zeiss Axiovert 35M inverted contrast microscope (Zeiss, Sliedrecht, The
Netherlands) which was placed in a 37°C incubator. Images were digitized in 768 x 512 pixels
with a camera (VarioCam, PCO computer Opties GmbH, Kelheim, Germany), coupled with
the Pixel Pipeline in a Macintosh-G4. Video recordings of microscopie fields were made
continuously (1 image/min) using an in house developed software program version of the
IPlab 3.5.5. image program (Scananlytics Inc. USA All). Images were further processed using
the NIH Image 1.61 program, resulting in a Quick-Time movie.
Statistics
Results from different experiments are described as mean ± Standard deviation o f the mean
(SD). Statistical analysis was performed using ANOVA and Duncan Post-hoc comparison. A
p-value of <0.05 was considered statistically significant.
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Figure SI \Expansion of CD34-enriched UCB cells using a cytokine-based culture method.
CD34+ UCB cells were selected by immunomagnetic beads and cultured fo r 2 weeks in three
different basal media supplemented with 10% FIS, a low-dose cell supporting cytokine cocktail, a
high-dose cell expansion cocktail and clinical grade low molecular weight heparin (see details in
Materials and Methods and Figure 1). Absolute CD34+ cell numbers (a),fold expansion of total
cells (b) and CD34 content (c) were determined by FCM after one and two weeks o f culture using
Method I. CD34+ cell numbers andfold expansion of total cells using Method II (d+e). Data are
depicted as mean ± SD for the different media, which have been tested in parallel experiments
with CD34+ cells from 3 -6 UCB donors.
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Figure S2 |Phenotypical profile of ex vivo-generated NK cells using Method II with GBGM®.
(a) Flow cytometric analysis ofa second NK cell product generated from CD34+ UCB progenitor
cells. Cells at 5 weeks of culture were analyzed for expression of CD56, CD3, CD94 and CD 16.
(b) Expression of a repertoire of receptors important for regulating NK cell activity, including
C-type lectin receptors, natural cytotoxicity receptors and cytokine receptors. Histograms show
expression of the antigen of interest (black histogram) compared to the specific isotype control
(grey histogram), (c) Acquisition of KIR* NK cell subsets during ex vivo N K cell generation
from expanded CD34+ UCB cells. KIR expression was determined at week 4 and 5 during the
differentiation step by FCM.

02

K IR 2 D L 2 /D L 3 +

09%

f
L

l*.

#*i3r3. •
TPr,.' M

CD107a

Figure S3 |Responsiveness of ex vivo-generated KIR+ NK cells generated using Method II with
GBGM* to M HC class I-deficient target cells. Ex wivo-generated NK cells were incubated alone,
or 18 hours with M HC class I-negative K562 or M HC class I expressing KGla cells at an E:T
ratio of 1:1. Cells were then stainedfor CD56, CD3, KIR, and the degranulation antigen CD107a.
Shown are the degranulation of total CD56+CD3' NK cells and KIR2DL2/DL3+ NK cell subset
expanded for 5 weeks from CD34* UCB cells. Density plots are gated on CD56*CD3 NK cells
and the histogram plots show the CD 107a degranulation of the KIR2DL2/DL3* NK cells.

Figure S4 |Responsiveness of ex vivogenerated KIR+ NK cells generated by
Method II to target cells expressing
different KIR ligands. Activity of
UCB-derived NK cells derived from
two different donors were tested in a
2 hour CD 107a degranulation assay
against K562 cells transfected with
empty vector (EV), HLACw3 cDNA,
HLA-Cw4 cDNA or both.
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Figure S5 \Functional activity of ex vivo -generaled CD56' NK cells using Method II. (a) Specific
cytotoxicity of two CD56* NK cell products from the same UCB donor but cultured either in
H3000 or GBGM’ against the myeloid leukemia cell lines K562 and KG la. Specific lysis was
determined after 24 hours of co-culture in a FCM-based cytotoxicity assay at an E :T ratio of 2:1.
Data are displayed as mean ± SD of triplicate wells. (b) Degranulation ofC D 56+ NK cells was
determined by FCM as the percentage of CD107a+ cells. Results are depicted as mean ± SD of
triplicate wells. (c) IFNy production was determined by ELISA and depicted as mean ± SD of
triplicate measurements. (d) Expression of activating receptors important for NK cell activity.
Histograms show antigen expression of GBGM® -derived NK cells (black histogram) compared
to H3000-derived NK cells (grey histogram) and the specific isotype control (white histogram).
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Abstract
Natural killer (NK) cell-based adoptive immunotherapy is a promising treatment approach for
many cancers. However, development of protocols that provide large numbers o f functional
NK cells produced under GMP conditions are required to facilitate clinical studies. In this
study, we translated our cytokine-based culture protocol for ex vivo expansion o f NK cells
from umbilical cord blood (UCB) hematopoietic stem cells into a fully closed, large-scale, cell
culture bioprocess. We optimized enrichment o f CD34+ cells from cryopreserved UCB units
using the CliniMACS system followed by efficient expansion for 14 days in gas-permeable
cell culture bags. Thereafter, expanded CD34+ UCB cells could be reproducibly amplified and
differentiated into CD56+CD3 NK cell products using bioreactors with a mean expansion of
more than 2,000 fold and a purity of >90%. Moreover, expansion in the bioreactor yielded a
clinically relevant dose of NK cells (mean: 2 x l0 9 NK cells), which display high expression of
activating NK receptors and cytolytic activity against K562. Finally, we established a versatile
closed washing procedure resulting in optimal reduction o f medium, serum and cytokines
used in the cell culture process without changes in phenotype and cytotoxic activity. These
results demonstrate that large numbers of UCB stem cell-derived NK cell products for
adoptive immunotherapy can be produced in closed, large-scale bioreactors for the use in
clinical trials.

Introduction
Natural Killer (NK) cells are CD3'CD56+lymphocytes that exert innate immunity against
cancer and viral infections1. Recognition and subsequent killing of virus-infected and
transformed cells by NK cells is regulated through the balance o f signals from inhibitory
and activating receptor1. Due to their strong ability to target tumor cells, NK cells have been
described as promising effectors for adoptive immunotherapy against cancer2. It has been well
demonstrated that NK cell alloreactivity can control relapse of acute myeloid leukemia (AML)
without causing graft-versus-host disease (GVHD) in the setting o f haploidentical stem cell
transplantation (SCT)3. Moreover, haploidentical NK cell infusions in adult and childhood
AML following lymphocyte depleting chemotherapy have provided encouraging results4,5.
However, only a few trials investigating adoptive NK cell infusions in patients with cancer
have been conducted to date. A major obstacle is that relative small numbers o f NK cells can
be isolated from a regular leukapheresis products. This hampers clinical trials evaluating for
NK-cell dose dependent anti-tumor responses in humans with cancer611. Therefore, protocols
for ex vivo expansion and activation of NK cells are under investigation enabling clinical
trials at higher NK cell dosages and to permit multiple NK cell infusions1216. However, most
protocols still deal with technical disadvantages by using supportive feeder cell lines that
could lead to regulatory problems producing NK cell products for large-scale and multicenter trials. Interestingly, a recent study by Sutlu et al. reported that large amounts of highly
active NK cells can be produced from peripheral blood in a closed, automated bioreactor
under feeder-free conditions17.
Recently, we have described an alternative cytokine-based culture method with the
capability of generating clinically relevant NK cell products with high cell numbers, high
purity and functionality from umbilical cord blood derived hematopoietic stem cells (UCBHSC) [18]. UCB is a very attractive source of HSC not only for allogeneic SCT, but also
for producing a multitude o f therapeutic cell products including NK cells18'20. An optimal
procedure for the clinical-grade generation of UCB progenitor cell-derived NK cells must
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include a GMP-compatible HSC enrichment procedures as well as a closed-system culture
system free of animal products and feeder cells. In the present study, we have investigated the
feasibility of large scale NK cell generation using cryopreserved UCB units as progenitor cell
source. We have optimized the enrichment of CD34+ cells from thawed UCB units using the
CliniMACS system. Furthermore, we have evaluated CD34+ cells-derived NK cell generation
in static cell culture bags and an automated bioreactor, with the aim of optimizing fully closed,
large-scale production o f highly active and functional NK cells for the use in a phase I dosefinding trial in elderly AML patients not eligible for allogeneic SCT.

Results
Efficient enrichment o f CD34+ cells from cryopreserved umbilical cord blood
The overall aim of this study was to develop a closed ex vivo culture system for the expansion
and differentiation of CD34+ UCB cells into NK cells followed by the subsequent logscale generation of CD56+CD3 NK cells. As the initiation of our culture process requires
hematopoietic progenitor cells, we optimized the CD34+ enrichment procedure from
cryopreserved UCB units using the CliniMACS system. Prior to banking in liquid nitrogen
the collected UCB units used for this study (n=16) have been reduced for red blood cells
and volume using EloHAES® separation. The mean volume of 111 ± 34 ml (range 72-175
ml) and mean W BC count o f 1,503 ± 455 xlO6 cells (range 772-2,380 xlO6) was reduced to
25 ml with a W BC count of 1,085 + 357 xlO6 cells (range 600-1,721 xlO6) containing 3.78 ±
1.95xl06 CD34+ cells (range 1.73-8.72xl06) (Table 1). Cryopreserved UCB units were thawed
and prepared for CD34+ selection using CliniMACS buffer containing clinical-grade DNAse.
The recovery of CD34+ cells after thawing was 76% ± 16%, which resulted in a total yield of
2.79 ± 1.59xl06 CD34+ cells (range 1.43-8.12 xlO6) for the selected UCB units (Table 1). Next,
CD34+ cells were enriched using the CliniMACS cell separator resulting in a mean recovery
of 71% ± 1 1 % (range 50-91%) (Table 2). The purity of the enriched CD34+ product was 67%
± 14% (range 44-92%). Total recovery after thawing and CD34 enrichment was 53% ± 1 5 %
(range 33-82%) with a mean CD34+ cell number of 1.96xl06 ± 1.27xl06 (range 0.89-6.34xl06)
(Table 2). These results demonstrate that CD34+cells can be efficiently enriched from volumereduced and cryopreserved UCB units providing a clinical-grade starting product for the NK
cell generation and expansion culture process.
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Table 1. Characteristics of the UCB units after EloHAES separation and cryopreservation.

The table summarizes the processing of 16 UCB units usedfor CD34+ enrichment after collection,
volume reduction and thawing process. Nucleated cells (NCs) were counted with the AcTIO
counter (Beekman coulter). CD34* cells were enumerated by single platform flow cytometry
analysis. Results are depicted as mean, Standard deviation, median, minimum (min) and
maximum (max) volume, number of cells or percentages, respectively.
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Table 2. Characteristics of the CD34 CliniMACS separation on thawed UCB units.
CD34* positive fraction
Recovery o f CD34
cells after processin
(%)

Recovery after CD34
enrichment only (%)

CD34* cell
content (%)

CD34+ cells
(x106)

Donor 1

50

52

1.47

38

Donor 2

53

77

1.99

34

Donor 3

73

70

2.36

48

Donor 4

78

92

6.34

73

Donor 5

76

54

1.74

47

Donor 6

79

65

1.70

54

Donor 7

82

64

1.70

82

Donor 8

69

73

1.42

53

Donor 9

72

88

1.32

33

Donor 10

76

69

0.89

51

Donor 11

91

65

2.29

81

Donor 12

70

59

2.79

40

Donor 13

55

84

1.47

48

Donor 14

76

67

1.09

62

Donor 15

71

44

1.52

63

Donor 16

65

52

1.19

43

mean

71

67

1.96

53

SD

11

14

1.27

15

median

73

66

1.61

50

min

50

44

0.89

33

max

91

92

6.34

82

The table summarizes the results of the CD34+ enrichment procedure of 16 UCB units. CD34+
cells were enumerated by single platform flow cytometry analysis. Results are depicted as mean,
Standard deviation, median, minimal (min) and maximal (max) number of cells or percentages.
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Enriched CD34+ UCB cells can be efficiently
expanded using static cell culture bags
Previously, research scale experiments in 6-well plates showed that CD34+ cells, enriched
from frozen UCB units, can be efficiently expanded and differentiated into the NK cell lineage
using our two step ex vivo culture process18. To translate this protocol into a closed culture
system, we have tested ex vivo expansion o f CD34+UCB cells for two weeks in static Vuelife™
AC culture bags using CD34+ expansion medium I (day 0-9) and medium II (day 9-14). The
mean total cell expansion for all experiments (n=7) was 39 ± 14 and 160 ± 69 fold after 1
and 2 weeks of culture, respectively (data not shown). These results were similar to the rate
of expansion of 192 ± 82 (n=7) obtained after 2 weeks in 6-well plates (data not shown), and
indicate that selected CD34+ cells from cryopreserved UCB units can be efficiently expanded
during 2 weeks o f culture in disposable bags.

Efficiënt expansion of highly pure NK cell products using a bioreactor
Next, we investigated whether the bag-expanded CD34+ UCB cells could be differentiated
and further expanded into CD56+CD3' NK cells. First, we continued the differentiation
process in the same static bags as used for CD34+ cell expansion. Therefore, we added NK cell
differentiation medium containing SCF, IL-7, IL-15 and IL-2 to the bag cultures from day 14
onward. The mean total cell expansion after 6 weeks of culture in the static bags was -1 ,3 0 0
fold (range 759-1,770; n=3), generating NK cell products of 0.9-1.9xl09 CD56+CD3' NK cells
(Figure IA and Table 3). However, ex vivo generation of CD56+CD3 NK cells in bag cultures
yielded in a purity of 71% ± 9% (Figure 1B and Table 3). The remaining non-NK cells in the
product represented CD14+ and/or CD15+ mature monocytic and myelocytic cells, but no
CD34+ cells nor CD3+ T cells and CD19+ B cells could be detected (data not shown). Because
differentiation of the NK cell products was sub-optimal in the bag cultures, we next tested
whether differentiation of the bag-expanded CD34+ cultures into the NK cell lineage could
be improved using an automated bioreactor. Therefore, in a next set of experiments expanded
CD34+UCB cells were transferred at day 14 o f culture into a bioreactor system with a minimal
volume of 250 ml for starting the NK cell differentiation process. Although the mean total
cell expansion at 6 weeks of culture in the bioreactor cultures, which was -2 ,1 0 0 fold (range
1,435-2,657; n=4; Figure 3C and Table 3), was not significantly higher compared to the
bag-expanded NK cells, the differentiation and expansion rate of NK cells was significantly
better in the bioreactors (Figure 1D and E). Importantly, ex vivo generation o f CD56+CD3'
NK cells in bioreactors yielded highly pure (92% ± 2%; n=4) NK cell products with a total
NK cell number of 1.6-3.7xl09 CD56+CD3' NK cells (Table 3). Because o f the very high NK
cell purity of the bioreactor expanded products, only a small population (<5%) o f mature
CD14+ and/or CD15+ monocytic cells could be detected, but no CD34+ cells, CD3+ T cells
or CD19+ B cells were found (data not shown). Furthermore, we compared the expression
of various NK cell specific surface antigens and NK cell function in degranulation assays on
static bag and bioreactor generated NK cell products (Figure S l). The bioreactor cultures
show a higher expression of activating receptors such as CD314 (NKG2D) and NCRs (i.e.
CD337, CD336, CD335) (Figure S l A). This correlated with a higher degranulation of 27% of
bioreactor-expanded NK cells towards K562 compared to 14-18% for NK cells from static bag
cultures (Figure S l B). These data demonstrate that the combination of static bag cultures for
progenitor cell expansion followed by efficient NK production in bioreactor systems result in
a efficient production of pure NK cell products for adoptive immunotherapy trials.
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Figure 1 |Ex-vivo generation ofCD56* NK cells from cryopreserved CD34+ UCB cells. CD34enriched UCB cells were expanded for two weeks and subsequently differentiated into NK cells
for four additional weeks. Cell cultures were weekly analyzed for cell numbers and phenotype
using flow cytometry. (A) Fold expansion of total cells for each donor after initial seeding of
enriched CD34* UCB cells during 6 weeks of culture using static Vuelife™cell culture bags. (B)
CD56+ cell frequency fo r each donor during the 6 week culture period fo r static bag cultures.
(C) Fold expansion of total cells fo r each donor after initial seeding of enriched CD34* UCB cell
population during 6 weeks of culture using single use bioreactors. (D) CD56+ cell frequency for
each donor during the 6 week culture period for bioreactor cultures. (E) Mean total CD56*NK
cell expansion during 4 weeks of differentiation using static bag (n=3) or bioreactor cultures
(n=4). Data are depicted as mean ± SD. The asterisk (*) represents ap-value of <0.05.
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Table 3. Overview of the quantity and quality of final UCB-NK products generated from
enriched CD34+ cells using static bags and single use bioreactors.
Donor

CD34* cells (x106)

fold expansion

CD56* cells (%)

CD56* cells (x109)

7

1.7

1,770

63

1.9

8

1.4

759

80

0.9

9

1.3

1,291

70

1.2

10

0.9

2,549

95

2.2

o
o
ra

13

1.5

1,764

90

2.4

o

15

1.5

2,657

92

3.7

16

1.2

1,435

92

1.6

cs
CD
o

O
ra
o)

Q)

XI

The table summarizes the generation of UCB-NK cell therapy products generated in static bags
(Donor 7, 8 and 9) or bioreactors cultures (Donor 10, 13, 15 and 16).

The effect of washing on recovery, phenotype
and function of expanded NK cells
After showing that CD34+ UCB cells could be efficiently enriched from frozen cord blood
and successfully cultured into a pure NK cells product using a closed cell culture process,
we optimized downstream processing using a closed system washing procedure. Therefore,
final NK cell batches were washed two times with 0.5 liter CliniMACS buffer containing 0.5%
HSA in transfer bags. After this washing procedure the total cell culture volume of 1 liter was
reduced and exchanged to 150 ml infusion buffer. The final dilution factor of this washing
procedure was between 629-1,008 fold (n=3), with a recovery of 82% ± 5% CD56+CD3
7AAD NK cells (n=3). Cytotoxicity and CD107a-based degranulation assays using K562 as
target cells showed that the cytolytic activity of the NK cell product before and after washing
was not affected (Figure 2A and B). Moreover, washing of the expanded NK cells did not
negatively influence the high expression of the activating receptors NKG2D (C D 314), NKR-P1
(CD161), 2B4 (CD244), NKp30 (CD337), NKp46 (CD335) and NKp44 (CD336) (Figure 3).
These results demonstrate that CD34+ UCB-derived NK cells (UCB-NK) for immunotherapy
could be efficiently washed using a closed process without loss of functional and phenotypical
characteristics of the bioreactor-expanded NK cells.
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Figure 2 \ Functional activity of ex vivo bioreactor-expanded NK cells before and after the
washing process. (A) Cytotoxicity of ex vivo-generated NK cells against K562 cells was analyzed
after 18 hours of co-culture with unwashed (black bars) and washed (white bars) NK cells from
three different donors at an E :T ratio of 1:1 or 10:1. (B) Degranulation of ex vivo-generated
NK cells against K562 was analyzed by CD 107a expression after 18 hours of co-culture after of
unwashed (black bars) and washed (white bars) NK cells from three different donors at an E:T
ratio of 1:1.

@3

CD16

CD314

CD337

CD335

Figure 3 \Flow cytometry analysis of ex vivo bioreactor-expanded NK cells before and after
washing. The CD56*CD3 lymphocytes were analyzed ofunwashed (A) and washed (B) NK cell
products. A representative example out ofthree different N K cell products is shown.

UCB-NK cell therapy products fulfill specific
release, biosafety and stability tests
During the validation runs of our closed culture and washing process, we monitored purity,
cell numbers, viability, phenotype, activity and recovery of the UCB-NK cell products. All
four validation runs in the bioreactor resulted in a final cell product containing >90% viable
CD56+CD3 7AAD NK cells, and CD3+ T cells could not be detected (<0.01%). Importantly,
cytogenetic analysis showed that the NK cell products displayed a normal karyotype. In
addition, extensive testing was performed to ensure that our process was free of bacterial,
fungal, mycoplasma and endotoxin contamination (Table 4). These tests were performed at
the end of the NK cell production and after the washing procedure, and were negative or
below specifications in all validation runs. The presence o f residual SCF, IL-7, IL-15 and IL-2,
which were used in the NK cell differentiation medium, was tested by specific ELISA. After
washing the NK cell products, the cytokine concentrations were below the specified range of
< 25 pg/ml SCF, IL-7 and IL-15 and < 1 U/ml IL-2.
Since we intend in our phase I clinical trial to infuse freshly prepared NK cell products
without cryopreservation, we determined the stability o f the NK cells in order to establish a
time frame for the product release testing to be finished. Therefore, we stored UCB-NK cell
products in infusion buffer (i.e. 0.9% NaCl plus 5% HSA) at 4°C or RT, and tested purity and
viability at 24, 48 and 72 hours. We did not detect a decrease in purity of the NK cell product
over time and also detected no differences between storage at 4°C or RT (Figure 4A). Only
a small decline in viability of CD56+7AAD~ NK cells was observed at day 2 or 3 after storage
at both 4°C and RT (Figure 4B). A more detailed view on the stability tests regarding the
expression of several inhibitory and activating NK cell receptors showed a stable percentage
of CD 159a (NKG2A) and CD314 (NKG2D) positive NK cells, but the expression o f the NCRs
CD337, CD336, CD335 declines over time irrespective of storage at 4°C or RT (Figure S2 A-D).

75 I 76

Our specification for NK cell infusion requires a minimum o f 70% viability, and therefore we
have set our expiration time for UCB-NK cells at 24 hours after final formulation.
Collectively, these results demonstrate the feasibility to generate highly pure, safe and
active UCB-NK cell therapy products using a fully closed cell culture and downstream
manufacturing process for evaluating in a phase I dose escalation trial in poor-prognosis
patients with AML.

Table 4. Product release testing criteria and results of the final NK cell products.

Method

Specification

Donor
10

Donor
13

Donor
15

Donor
16

IK cell number

FCM

CD56»CD3 NK cells

2.2x109

2.4x109

3.7x109

1.6x109

Purity

FCM

>70% CD 56+CD3~ NK
cells

95%

90%

92%

92%

Viability

FCM

>70% 7-AAD negative

n.a.

98%

97%

93%

Phenotype

FCM

>30% positivity for
CD56, CD94, NKG2A,
NCR and NKG2D.

yes

yes

yes

yes

Karyotyping

Cell culture

Normal karyotype

yes

yes

yes

yes

Recovery

FCM

% CD56+CD3- NK
7-AAD negative cells.

n.a.

83%

86%

76%

Content CD3*
T-cells

FCM

< 1 x1 0 " C D 3 *T cells/
kg body weight o f the
patiënt

n.d.

n.d.

n.d.

n.d.

Content CD19+
B-cells

FCM

< 1x104 CD 19+ B cells/
kg body w eight o f the
patiënt

n.a.

n.a.

n.a.

n.a.

Sterility

Culture

Negative for
bacterial and fungal
contam ination

negative

negative

negative

negative

M ycoplasm

Luminescence
assay

Negative for
mycoplasm
contam ination

negative

negative

negative

negative

Endotoxin

LAL assay

<0.25 EU/ml

0.08

0.02

0.01

0.01

Absence of
cytokines

ELISA

< 25 pg/ml IL-2, IL-7,
IL-15 and SCF.

yes

yes

yes

yes

Test

The table shows an overview of product release tests and product specifications for the ex-vivo
generated NK cells using a closed cell culture process. The table summarized thefacts needed to
provide a certifcate of analysis to release an UCB-NK cell therapy product fo r a patiënt, n.a. =
not analyzed in validation runs but these parameters will be scoredfor the clinical production
and the certifcate of analysis. n.d.: not detected; the test do not show any positive events. yes =
the results of the testfulfill the specification relevant for the certificate of analysis.
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UCB-NK UCB-NK UCB-NK UCB-NK UCB-NK UCB-NK UCB-NK UCB-NK
culture washed
d1 4°C
d2 4°C
d3 4°C
d1 RT
d2 RT
d3 RT

culture

washed

d1 4°C

d2 4°C

d3 4°C

d1 RT

d2 RT

d3 RT

Figure 4 \Stability tests of ex-vivo generated and processed NK cell products. (A) The NK cell
content of the processed final product was followed over time, while the products were either
stored at 4°C or room temperature (RT)for a maximum of 3 days. The percentage of the CD45V
CD56+ cells is displayed from 3 different stability tests. (B) Viability of the final NK cell product
was followed over time, while the products were either stored at 4°C or room temperature (RT).
The percentage of the CD45*/CD56*/7 AAD cells is displayed from 3 different stability tests.

Discussion
To date only a few trials have investigated adoptive NK cell infusions in patients with cancer
primarily due to difficulties in isolating high numbers of NK cells from regular leukapheresis
products6'11. Furthermore, ex vivo expansion protocols still deal with technical disadvantages
by using supportive feeder cell lines that could lead to regulatory problems producing NK cell
products for large-scale and multi-center trials12'16. Here, we report the successful translation
o f our recently developed, highly efficient cell culture protocol for the ex vivo generation
of functional NK cell products from UCB-derived hematopoietic stem and precursor cells
into a clinical applicable GMP procedure. Previously, we described a highly potent culture
method for the ex vivo generation of fully active NK cells efficiently targeting AML and
melanoma cells18. This cytokine-based, feeder cell-free culture process uses only human or
human recombinant proteins. To translate this NK cell bioprocess into a GMP compliant
procedure, we first optimized clinical-grade enrichment of CD34+ cells from cryopreserved
UCB. Thereafter, we validated ex vivo generation of UCB-NK cell therapy products using a

closed production process optimized for NK cell differentiation using bioreactors.
A number o f studies reported previously about closed system immunomagnetic beads
selection of CD34+ cells from cryopreserved UCB21'24. Most of these studies used the
Isolex300i or the CliniMACS system, but currently only the CliniMACS system is still
available for clinical application. Due to technical modifications such as different tubing
sets for the CliniMACS (i.e. tubing 150 in older studies and tubing 161-01 in our study) and
differences in the cord blood processing prior to cryopreservation one may expect variations
for the efficiency of the selection procedure. For instance, the influence of different methods
of volume reduction and removal of red blood cells on the recovery o f CD34+ UCB cells has
been widely studied25'28. We used the well-established EloHAES* separation method in our
study [29], Previous studies using the CliniMACS device showed a median recovery of 31%
UCB CD34+ cells (n=10)21,24. We obtained a higher overall median CD34+ UCB cell recovery
o f 50% (n=16), which is most likely due to the use of a highly efficient thawing procedure
providing a more optimal starting cell product for CD34+ cell selection compared to previous
studies. Querol et al.22 used a similar thawing procedure with Pulmozyme on HES-treated
cord blood units, however they used the Isolex-300-SA for CD34 selection. But they used a
similar cord blood cohort, consisting of l.ll± 0 .5 x l0 9 nucleated cells (NCs) and 3.64+2.54
xlO6 CD 34+ cells, compared to ours with 1.08±0.4 xlO9 NCs and 3.78±1.95 xlO6 CD34+ cells.
Using an up-to-date CliniMACS system, we isolated CD34+ UCB cell numbers o f 1.96+1.27
xlO6 cells with a purity o f 67%±14% and a recovery of 53%±15 from the used UCB cohort.
These results are very similar to those of Querol et al.22, which is 1.94±1.55 xlO6 CD34+ cells
with a purity o f 69%±16% and a recovery o f 52%±12%. These findings illustrate that our
current thawing and CD34+ selection procedures provides excellent preparation of a CD34+
UCB cell product for direct use or graft manipulation.
After optimizing CD34 enrichment from cryopreserved UCB, we investigated whether
CliniMACS-enriched CD34+UCB cells couldbe efficiently expanded and further differentiated
into the NK cell lineage using a closed cell culture system. Recently, Sutlu et al. reported that
large amounts o f highly active NK cells can be produced from peripheral blood mononuclear
cells (PBMCs) in a closed, automated, bioreactor under feeder-free conditions17. Interestingly,
bioreactor cultures yielded a final product containing a clinically relevant NK cell dose (mean
9.8x108 NK cells). Moreover, they observed that NK cells expanded in a bioreactor, compared
to flasks and bags, displayed higher cytotoxic activity possibly attributed to a higher expression
level o f NKp44. In agreement with the studies o f Sutlu et al., we also obtained a much better
purity, functionality and significant better NK cell expansion using the Wave™ or Biostat™
bioreactor systems during the NK cell differentiation process. For efficient NK cell generation
it seems, that an optimal gas exchange for the cell suspension could be provided by rocking or
waving o f the cell suspension. Finally, we performed safety and release tests on the NK cell end
products (summarized in Table 4). The genetic stability was analyzed by karyotype analysis
and all NK cell products had a normal karyotype. Furthermore, all generated products were
negative for bacterial, fungal or mycoplasm contamination. After washing o f the product,
the volume was reduced to 150 ml prior infusion. Cytokine levels were efficiently reduced
to below 25 pg/ml. Immunophenotyping analysis demonstrated high purity, viability and
activated phenotype of the NK cell product with the complete absence of CD3+ T cells. We
additionally demonstrate, that the cell culture process is safe and that the product could be
further processed, stored and safely released for patients.
In conclusion, we successfully adapted our method into a closed-system bioprocess for
production o f allogeneic NK cell batches under GMP conditions, in order to utilize ex vivo-
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expanded NK cells for adoptive immunotherapy in poor-prognosis AML patients. Largescale experiments using gas-permeable culture bags and up-scaling of the NK cell expansion
step into the bioreactor systems resulted in the generation of products containing more than
3.5xl09 NK cells with a purity of up to 95%. Furthermore, the UCB-NK-cell products could
be finally processed for infusion using a closed system and be stored until all product control
tests will be available in order to release the UCB-NK-cell therapy product. The safety and
toxicity of infusing these allogeneic ex v;vo-expanded UCB-NK cell therapy products will be
investigated in phase I dose escalation trial in elderly AML patients not eligible for allogeneic
stem cell transplantation.

Materials and Methods
Cell lines
Cell line K562 (LGC Standards, Wesel, Germany) was cultured in Iscove’s modified Dulbecco’s
medium (IMDM; Invitrogen, Carlsbad CA, USA) containing 50 U/ml penicillin, 50 |ig/ml
streptomycin and 10% fetal calf serum (FCS; Integra, Zaandam, the Netherlands).
Isolation of CD34+ stem and progenitor cells
UCB units have been obtained at birth after normal full-term delivery after written informed
consent with regard of scientific use from the cord blood bank o f the Radboud University
Nijmegen Medical Center (RUNMC, Nijmegen, The Netherlands). The use of these UCB
units for our study was approved by the RUNMC Institutional Review board. UCB samples
were stored at room temperature and processed within 24 h after collection. Before storage,
the red blood cell content has been reduced using Standard EloHAES separation and the
mononuclear cells have been washed, cryopreserved and stored in liquid nitrogen29. Stored
UCB units were thawed at 37°C and resuspended in thawing buffer consisting of CliniMACS
PBS/EDTA buffer (Miltenyi Biotech, Bergisch Gladbach, Germany), 5% HSA (Sanquin blood
bank, Amsterdam, The Netherlands), 3.5 mM MgCl2 (Pharmacy Department, RUNMC,
Nijmegen, The Netherlands) and 100 U/ml Pulmozyme (Roche, Almere, The Netherlands).
Thawed UCB cells were incubated for 30 minutes at room temperature (RT) and subsequently
centrifugated. After two washing steps, thawed UCB cells were resuspended in 8 ml washing
buffer consisting of CliniMACS PBS/EDTA buffer, 0.5% HSA, 3.5 mM MgCL, and 100 U/
ml Pulmozyme and labeled for 30 minutes at RT with 0.75 ml CliniMACS CD34 reagent
(Miltenyi Biotech) and 1 ml Nanogam (Sanquin blood bank, Amsterdam, The Netherlands).
After incubation, the CD34-labeled UCB sample was washed and resuspended in 100 ml
washing buffer. The automated CliniMACS cell separator was equipped with a closed
disposable CliniMACS tubing set type 161-01 (Miltenyi Biotech). The CD34+ cell selection
was performed using an automated program and after the enrichment procedure, the CD34+
cell fraction was collected, and the cell number and purity were analyzed by flow cytometry.
Finally, the obtained CD34+UCB cells were used directly for the NK cell generation bioprocess.
Ex vivo expansion and differentiation of CD34-positive progenitor cells
CD34+ UCB cells were transferred into Vuelife” bags 290AC or 750AC (Cellgenix, Freiburg,
Germany), and expanded and differentiated according to culture method III as described
previously with some minor modifications18. In brief, for day 0-9 Expansion Medium I was
used consisting o f Glycostem Basal Growth Medium (GBGM®) for cord blood (CB) (Clear
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Cell Technologies, Beernem, Belgium) supplemented with 10% human serum (HS; Sanquin
Bloodbank, Nijmegen, The Netherlands), a high-dose cytokine cocktail containing SCF,
Flt3L, TPO and IL-7 (all CellGenix, Freiburg, Germany) and a low-dose cytokine cocktail
consisting of GM-CSF (Neupogen) (Amgen, Breda, The Netherlands), G-CSF and IL-6 (both
CellGenix, Freiburg, Germany). Between day 10 and 14, Expansion II medium was used in
which TPO was replaced by IL-15 (CellGenix, Freiburg, Germany). During the first 14 days
of culture, low molecular weight heparin (LMWH) (Clivarin®; Abbott, Wiesbaden, Germany)
was added to the expansion medium. Cell cultures were refreshed with new medium every
2-3 days, and adjusted to a cell density of > 0.5xl06/ml. Cultures were maintained in a 37°C,
95% humidity, 5% C 0 2 incubator. Expanded cultures in Vuelife™ bags were either maintained
in Vuelife"' bags or transferred to a bioreactor at around day 14. We have used both the single
use WAVE Bioreactor™ System 2/10 (GE Health, Uppsala, Sweden) and BIOSTAT CultiBag
RM system (Sartorius Stedim Biotech, Göttingen, Germany). From day 14 onward, expanded
CD34+ UCB cells were differentiated and further expanded using NK cell differentiation
medium. This medium consisted of Glycostem Basal Growth Medium (GBGM®) for cord
blood (CB) as used for the CD34 expansion step supplemented with 10% HS, the low-dose
cytokine cocktail (as previously mentioned) and a new high-dose cytokine cocktail consisting
of IL-7, SCF, IL-15 and IL-2 (Proleukin”; Chiron, München, Germany) . The cell density was
checked two times a week and adjusted to -l.O xlO 6 cells/ml by the addition o f GBGM® NK
cell differentiation medium. The conditions o f the bioreactor were as follows: temperature
37°C, C 0 2 5%, airflow 0.1-0.2 1/min, rocking rate 10/min, rocking angle o f 6°.
Flow cytometry
Cell numbers and expression of cell-surface markers were determined by flow cytometry.
For immunophenotypical staining, cells were incubated with the appropriate concentration
of antibodies for 30 min at 4°C. After washing, cells were resuspended in Coulter Isoton II
Diluent (Beekman Coulter) and analyzed using the Coulter FC500 flow cytometer (Beekman
Coulter). For determining the content of CD34+ cells in the UCB and the purity o f the CD34
selected cells the following monoclonal antibodies were used: CD 45-FITC (J33) and CD34PE (581) (both from Beekman Coulter, Woerden, The Netherlands). The population of living
CD34+ cells was determined by exclusion of 7AAD (Sigma, Bornem, Belgium) positive
cells. Analysis was performed according to the most actual ISHAGE protocol. The purity of
the end product after washing was determined using the following monoclonal antibodies
were used: CD3-FITC (UCHT1) (Beekman Coulter, Woerden, The Netherlands); CD56PE (NCAM16-2) (BD Biosciences Pharmingen, Breda, The Netherlands), anti-CD45-ECD
(J33) (Beekman Coulter, Woerden, The Netherlands). The population o f living CD56+ cells
was determined by exclusion of 7AAD (Sigma) positive cells. Ten color analysis was used to
determine the phenotype of the cultured NK cells. The following monoclonal antibodies were
used in the appropriate concentration: CD16-FITC (NKP15), CD336(NKp44)-PE (Z231),
CD3-ECD (UCHT1), CD337(NKp30)-PC5.5 (Z25), CD335(NKp46)-PE-Cy7 (BAB281),
CD314(NKG2D)-APC (ON72), CD244(2B4)-APC-alexa700 (C l.7.1), CD56-APC-Alexa750
(N901), CD161-PB (191B8), CD45-PO (J33) (all provided by Beekman Coulter, Marseille,
France). The acquisition was performed on the Navios™ flowcytometer and the data were
further analyzed using the Kaluza” software (all from Beekman Coulter, Miami, Florida,
USA).
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Flow cytometry-based cytotoxicity and degranulation studies
Flow cytometry-based cytotoxicity assays were performed as described previously l8,3°. Briefly,
after incubation for 4h or overnight at 37°C, 50 |il supernatant was collected and stored at -20°C
for later use to measure cytokine production. Cells in the remaining volume were harvested
and the number of viable target cells was quantified by flow cytometry. Target cell survival was
calculated as follows: % survival = {[absolute no. viable CFSE+ target cells co-cultured with
NK cells]/[absolute no. viable CFSE+ target cells cultured in medium]}* 100%. The percentage
specific lysis was calculated as follows: % lysis = {100-[% survival]}. Degranulation of NK
cells during co-culture was measured by cell surface expression of CD107a31. After 18 hrs of
incubation at 37°C, the percentage of CD107a+ cells was determined by flow cytometry.
Preparation of the final NK cell product
At the end o f culture, NK cells were harvested, and the number and viability o f C D56+ cells
was determined by flow cytometry and ACT counter (Beekman Coulter). The UCB-NK-cell
product was transferred into 600 ml transfer bags (Baxter, Deerfield, USA), centrifugated
200g for 15 min without break and the supernatant was collected for testing of bacterial,
fungal and mycoplasm contamination. NK cells were resuspended and washed twice with
500 ml CliniMACS PBS/EDTA buffer supplemented with 0.5% HSA (Sanquin Blood Bank,
Amsterdam, The Netherlands). After washing, NK cells were resuspended in infusion buffer
consisting of NaCl 0.9% + 5% HSA. Finally, viable number of CD56+CD3 NK cells in the endproduct was determined by flow cytometry and the concentration of residual SCF, IL-7, IL -15
and IL-2 was measured by ELISA (R&D Systems, Abingdon, Oxon, UK).
Karyotyping of the NK cell product
Cytogenetic analysis was performed on the final NK cell products according to Standard
methods. In total 20 metaphases were G-banded using trypsin and Giemsa (GTG) and were
examined per case. Karyotypes were described according to ISCN 200932.
Sterility testing of the NK cell product
Before and after washing in bags, samples were taken and processed to check for bacterial
and fungal contaminations. These samples were transferred to Bactec Ped plus flasks (BD).
Bacterial growth till day 6 should be reported as positive. The testing was done by the
Department of Microbiology, RUNMC, Nijmegen, The Netherlands.
Mycoplasma testing
Mycoplasma detection was performed on final products using the MycoAlert® Mycoplasma
detection kit (Lonza, Rockland, USA) following the manufacturer’s instructions. The signals
were measured with the Fluostar Optima (BMG Labtech, IJsselstein, The Netherlands)
Endotoxin test
Endotoxin level in the final products was determined using the chromogenic Limulus
Amebocyte Lysate (LAL) assay (Charles River Endosafe, Charleston, SC, USA) following
the manufacturer’s guidelines by the Pharmacy Department, RUNMC, Nijmegen, The
Netherlands. A level of <0.25 EU/ml was set as negative endotoxin limit.
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Cytokine detection
Cytokine levels in the final products were determined using ELISA. Briefly, Maxisorp 96well plates (NUNC) were coated overnight with 1 |ig/ml o f monoclonal coating antibody
for IL-2, IL-7, IL-15 and SCF (all from R&D systems, Abingdon, Oxon, UK). For sample
detection, biotinylated antibodies were added for IL-2 (0.2 pg/ml polyclonal Ab), IL-7 (0.2 pg/
ml polyclonal Ab), IL-15 (0.25 (ig/ml monoclonal Ab) and SCF (0.05 ng/ml polyclonal Ab),
respectively. The extinction was measured by the TiterTek Multiscan MCC/340 plate reader
(Titertek, Huntsville, AL). Concentrations of triplicate measurements were determined using
a Standard curve ranging between 1 to 2000 pg/ml of the specific cytokine.
Statistics
Results from different experiments are described as mean ± Standard deviation of the mean
(SD), range and median. Statistical analysis was performed using student's t-test. A p-value
o f <0.05 was considered statistically significant.
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Figure SI \Flow cytometry analysis for phenotype and function of ex vivo expanded NK cells
using static bags or bioreactor cultures. (A) The CD45+CD56*CD3' lymphocytes were analyzed
for several NK cell specific surface antigens for bioreactor cultures (black bars) and static bags
(grey bars). (B) NK cell functionality was tested in a CD107a degranulation assay and the
percentage of degranulating cells (CD 107*) was analyzed. Bioreactors cultures from donor 10
and 13 were compared with static bag cultures from donor 7 and 9 in an overnight co-culture
with an E :T ratio of 1:1.
Figure S2 | Stability tests of ex-vivo generated and processed NK cell products. (A-D) The
CD45+CD56+CD3 7AAD' lymphocytes from two different donors (A&B and C&D) were
analyzed for several NK cell specific surface antigens and followed over time. (A and C) The
products were either stored at 4°C or (B and D) at room temperature (RT)for a maximum of 3
days.
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Abstract
A better understanding of human NK cell development in vivo is crucial to exploit NK cells for
immunotherapy. Here, we identified seven distinctive NK cell developmental stages in bone
marrow o f single donors using 10-color flow cytometry and found that NK cell development is
accompanied by early expression of stimulatory co-receptor CD244 in vivo. Further analysis of
cord blood (CB), peripheral blood (PB), inguinal lymph node (inLN), liver lymph node (liLN)
and spleen (SPL) samples showed diverse distributions o f the NK cell developmental stages.
In addition, distinctive expression profiles of early development marker CD33 and C-type
lectin receptor NKG2A between the tissues, suggest that differential NK cell differentiation
may take place at different anatomical locations. Differential expression o f NKG2A and
stimulatory receptors (e.g. NCR, NKG2D) within the different subsets of committed NK
cells demonstrated the heterogeneity of the CD56brlgh,CD16+/' and CD56dimCD16+ subsets
within the different compartments and suggests that microenvironment may play a role in
differential in situ development of the NK cell receptor repertoire o f committed NK cells.
Overall, differential in situ NK cell development and trafficking towards multiple tissues may
give rise to a broad spectrum of mature NK cell subsets found within the human body.

Introduction
Natural killer (NK) cells are large CD56+CD3' granular lymphocytes and are considered
part o f the innate immune system. NK cells can kill infected or malignant transformed cells
without prior sensitization, and through the production of cytokines, such as IFN-y, they
form a bridge between innate and adaptive immune responses1,2. NK cell reactivity is tightly
regulated through a balance of signals between stimulatory and inhibitory receptors, a feature
that is being exploited today for NK cell-based immunotherapy against cancer (3). For this, a
thorough understanding of human NK cell development in vivo is crucial.
Bone marrow (BM) is generally considered as the primary site for human NK cell
development4'7. However, a complete pathway for NK cell development and maturation in
BM has not been described and it may be possible that precursor NK cells traffic from BM
to other tissues for terminal differentiation in situs. In 2005, Freud et al.9 identified a BMderived CD34+ hematopoietic precursor cell residing in lymph nodes (LN) where further
differentiation into CD56bright cells could take place. Subsequently, they identified four discrete
stages for human NK cell development within secondary lymphoid tissues (SLT) based on
cell surface expression of CD34, CD117 and CD94: stage 1, CD34+CD117 C D 9 4 ; stage 2,
CD34+CD117+CD94-; stage 3, CD34 CD117+CD94'; and stage 4, CD34 CD117+/CD94+ 9.
Following NK cell development, commitment to the NK cell lineage takes place at stage 3, in
which CD56 appears on the cell surface and gives rise to CD56bright NK cells in stage 4. These
data confirmed previous research describing the abundant presence of CD56bright NK cells in
SLT 1U2. In addition, we and others have shown that CD56bright cells are the first mature NK
cells to arise after allogeneic stem cell transplantation (S C T )13,14. Overall, these data support a
model of in vivo human NK cell development in which CD34+ NK cell precursors may traffic
from BM to SLT where further differentiation into CD56bright NK cells occurs. However, how
these NK cell developmental stages correlate with NK cell subsets in other compartments of
the human body (e.g. peripheral blood (PB), spleen (SPL)) remains unclear.
In this study, we identified seven distinctive NK cell developmental stages in bone
marrow using 10-color flow cytometry and found that NK cell development is accompanied
by early expression o f stimulatory co-receptor CD244 in vivo. Furthermore, distinctive
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expression profiles o f early development marker CD33 and the C-type lectin receptor
NKG2A between different tissues, suggest that differential in situ NK cell differentiation may
take place at different anatomical sites. Thus, differential in situ NK cell development and
potential trafficking towards multiple tissues may give rise to a broad spectrum o f mature
NK cell subsets found within the human body. The findings presented here may serve as a
fundamental basis for ongoing and future NK cell development studies and the development
o f NK cell generation protocols used for clinical purposes.

Results
To identify human NK cell developmental stages within the different tissues and to analyze
the distribution o f different NK cell subsets and their NK cell receptor repertoire, we designed
three 10-color flow cytometry (FCM) panels (Table 1). As BM is considered the origin of NK
cell development4'7, we first analyzed BM for the presence of NK cell developmental stages.

Table 1. Panels used for flow cytometry.

Displayed are the combinations of conjugated monoclonal antibodies (mAb) against specific
antigens within each panel. In addition, the clone for each specific mAb is shown. Each panel
was used fo r flow cytometric (FCM) analysis of bone marrow, cord blood, peripheral blood,
inguinal LN, liver LN, and spleen samples of human donors (all n=5). Thawed MNC fractions
of the human tissue samples were assessed on a NaviosTM 10-color flow cytometer and
analyzed using Kaluza Software® 1.0 (Beekman coulter). Panel 1 was used to identify different
NK cell developmental stages based on CD34, CD 117, CD94 and CD56 expression profiles.10
Additionally, expression of early development markers CD133 and CD33, stimulatory co-receptor
2B4 (CD244), and C-type lectin NKG2A were analyzed to refine the definition of the different
NK cell developmental stages. Panel 2 and 3 were used to analyze the NK cell receptor repertoire
ofCD45*CD56hrightCD16+/~CD3' and CD45*CD56dimCD16*CD3'NK cells consisting of inhibitory
and stimulatory receptors. Inhibitory receptors contain KIR (CD158a, CD158b, CD158el) and
NKG2A (CD159a). Stimulatory receptors contain NCR (CD335/336/337), NKG2C (CD159c),
NKG2D (CD314), and 2B3 (CD244).

Bone Marrow

I .

.

L1

Figure 1 \Identification ofseven NK cell developmental stages in bone marrow (BM). Based on
the stages defined in Table 1, we analyzed the presence of the different NK cell developmental
stages in BM. Shown is one representative example (n=5). Cells were gated on the CD45+CD3
population within CD45+/SS gated cells to exclude T cells and endothelial cells from analysis.
Subsequently, cell subsets were divided based on the expression ofCD34 and CD117. From there,
each subset was analyzed for CD56 and CD94 expression, leading to the identification ofseven
NK cell developmental stages: 1, 2, 3a, 3b, 4, 5a, 5b.

Identification of seven NK cell developmental stages in BM
Distinct NK cell developmental stages can be characterized through expression analysis
of CD34, CD117, CD94 and CD56 antigens10. Based on that, we gated our samples on the
CD45+CD3 population within CD45+/SS gated cells to exclude T cells and endothelial cells
from analysis. Subsequently, cell subsets were first divided based on the expression o f CD34
and CD 117. From there, in a second step, each subset was analyzed for CD56 and CD94
expression. Using this gating strategy, we were able to identify seven distinctive developmental
stages in BM (Fig. 1).
On this basis and in concert with NK cell developmental stages as identified in SLT10,
we now propose the following model o f NK development (Table 2), starting from multipotent CD34+CD117 CD56 CD94' cells (stage 1), followed by the gain of CD117 (stage 2;
CD34+CD117+CD56'CD94 ). Subsequently, CD34 expression is lost in stage 3a (CD34
CD117+CD56‘CD94 ) followed by loss o f multi-potency and acquirement o f NK cell lineage
commitment through CD56 acquisition in stage 3b (CD34'CD117+CD56+CD94 ). After NK
cell lineage commitment, cells gain CD94 expression and develop into immature CD56briBht NK
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Table 2. Developmental stages of NK cells in BM.
CD56:

CD34

CD117

CD56

CD94

Stage 1

+

-

-

-

-

Stage 2

+

+

-

-

-

Stage 3a

-

+

-

-

-

Stage 3b

-

+

+

-

CD56dim

Stage 4

-

+

+

+

CD566"91”

Stage 5a

-

-

+

+

CD56bright<dim

Stage 5b

-

-

+

-

CD56br'9hl <<^

bright or dim

Main stages ofN K cell development in BM based on expression profiles ofCD34, CD117, CD56
and CD94 usingflowcytometry panel 1 (table 1).

cells (stage 4; CD34 CD117+CD56+CD94+). Through loss of CD117 expression, CD56dimcells
start to develop (stage 5a; CD34 C D 117 CD56+CD94+), followed by loss of CD94 expression
in stage 5b (CD 34C D 117'C D 56+C D 94). It should be noted, however, that stage 1 and stage 2
cells still obtain multi-lineage potential and therefore not only contain NK cell precursors but
can also give rise to other cell lineages (e.g. T cells, DCs)10.
Early and sustained CD244 expression following in vivo NK cell developmental stages
By using 10-color FCM, we were able to further specify the identified NK cell developmental
stages in BM by analyzing additional antigen expression. For this purpose, we analyzed the
cell surface expression o f CD133, CD33, CD244 and NKG2A within each defined stage (Fig.
2). CD133 is known as a stem cell antigen which is expressed earlier in maturation than
CD34 and, as such, may provide an alternative to CD34 for the selection and expansion of
hematopoietic cells for transplantation15. Together with CD34, this antigen was only expressed
within stages 1 and 2. CD33 has been described as an antigen for early NK cell development
when showinglower fluorescence intensity as compared with its expression on myeloid cells16
and was expressed in stages 2 and 3a. The CD244 receptor is suggested to be a co-receptor
in activation of mature NK cells17. Interestingly, we found that CD244 was already expressed
on CD34+CD117+ stage 2 cells in BM. During stages 3a and 3b, CD244 expression remained
present and the amount o f CD244+ cells was increased to more than 98% in stages 4 to 5b.
Until now, CD244 expression was only shown to be present at early stages o f human NK
cell differentiation during ex vivo induced human NK cell maturation18. Recently, however,
Fathman et al. showed that the expression o f CD244 is linked to NK cell lineage commitment
in an in vivo mouse model19. Thus, this suggests that NK cell lineage commitment may already
be induced in part o f early stage 2 and 3 cells, and that CD244 could be an important marker
to dissect NK lineage committed cells from other lineage committed cells. The inhibitory
NKG2A receptor, shown to be expressed early during NK cell maturation13, was detected
starting from stage 4 just after NK cell commitment (stage 3b) till stage 5b. In summary, as the

Table 3. Developmental stages of NK cells in BM (continued).

CD33

CD56

CD94

NKG2A

-

-

-

-

-

-

+

+/-

-

-

-

-

+/-

-

-

-

-

+

+

-

-

CD56dim

+

+

+

+

CD56b,,ghl

+

+/-

CD56bright<c*’m

-

+/-

CDöGh*1^1<<dim

CD34

Stage 1

+/-

+

-

Stage 2

+

+

+/-

Stage 3a

-

-

+/-

+

CD117

Stage 3b

-

-

-

+

Stage 4

-

-

-

+

Stage 5a

-

-

-

-

+

+

-

+

+

Stage 5b

-

-

-

CD56:

CD244

CD133

bright or dim

Further identifcation of developmental NK cell stages in BM based on expression of CD 133,
CD34, CD33, CD 117, CD244, NKG2A, CD56 and CD94. Indicated is the presence of each
specifed marker within each stage (based on the percentage of positive cells present): + = 10080%; +/- < 80%; - = below reliable detection limits.
different assessed antigens showed distinct expression profiles within the different stages, we
were able to further refïne the developmental stages as shown in Table 2 (Table 3), in which
CD133 expression is expressed within stages 1 and 2, followed by CD33 expression in stages
2 and 3. In stage 2 and 3a, CD244 is upregulated followed by a continuous expression from
stage 3b to 5b, and NKG2A is found in stages 4 to 5b on part of the cells.
NK cell development starts in BM, followed by further maturation in LN, SPL and PB
To assess whether the NK developmental stages can be found in other human tissues besides
BM, we further analyzed samples o f cord blood (CB), peripheral blood (PB), inguinal LN
(inLN), liver LN (liLN) and spleen (SPL) (Fig. 3). Results showed a differential distribution
of the NK cell developmental stages within the different tissues. The NK cell developmental
stages in BM mainly consisted o f stage 5a and 5b cells. In addition, stages 1 and 2 were only
detected in BM, confirming BM as the origin of NK cell development. In CB, stage 2 cells were
found, but not in PB, suggesting that blood of fetal origin may possibly contain more early
NK progenitor cells as compared with adult blood. However, the main NK cell developmental
stages in CB and PB were stage 5a and 5b cells. In contrast to other tissues, the distribution
of NK cell developmental stages in inLN primarily contained stage 3a and stage 3b cells, and
showed lower, but similar, frequencies o f stages 4 to 5b. In contrast, NK cell developmental
stages in liLN and SPL consisted primarily of stages 4, 5a and 5b cells.
To exclude that stage 3a and 3b consisted largely, not of potential precursor NK cells,
but rather of lymphoid tissue inducer cells (LTIs; RORyt+NKp44+CD127+)20, we additionally
stained two inLN and liLN samples for stage 3 markers combined with RORyt, NKp44
and CD 127 mAbs. Results showed that stage 3a in inLN and liLN contained only 0.8-15%
and 3.9-4.8% LTIs, respectively. Stage 3b in inLN and liLN contained 7-21% and 13-19%
LTIs, respectively (data not shown). This suggests that stage 3a and 3b in the lymphoid
compartments may primarily consist of precursor NK cells.
Following the presence of the different NK developmental stages within the different
tissues analyzed, our results suggest that early NK progenitor cells may potentially migrate

from BM to SLT, after which pre-NK cells (stage 3a) may further develop in LN leadings to
NK cell commitment (stage 3b), followed by further maturation in splenic tissue and the
release o f mature NK cells into the blood stream. The presence of different stages within
one tissue, for instance stages other than stage 1 and 2 in BM or stage 3 in LN, suggests
that in situ differentiation o f remaining cells may also occur besides potential trafficking of
developmental stages towards other tissues.
Sustained CD33 expression in liLN following in vivo NK cell developmental stages
To assess potential differences o f the NK cell developmental stages within the human
tissues, we further analyzed the expression of CD 133, CD33, CD244 and NKG2A within the
stages present in the human tissues (Fig. 4). Between BM and CB, there were no significant
differences in expression of CD 133, CD33 and CD244 within stage 2. The subsequent trend
of CD244 acquisition was comparable for each tissue and all tissues showed more than 98%
CD244+ cells in stages 4 and 5a/b. Significant differences were seen in the expression profile
of the early CD33 antigen within the different human tissues. As we previously characterized
CD33 expression to be specific for stage 2 and 3a cells in BM (Table 3), CD33 expression was
prolonged in CB, PB, and SPL until stage 3b. Furthermore, in liLN, CD33 expression was even
sustained after NK cell commitment until stage 4. The prolonged expression of CD33 in some
distinct stages and tissues may be due to tissue specific NK cell developmental subsets in situ.
NKG2A expression reveals an impaired NK cell maturation profile in lymphoid tissues
Following the evaluation of the tissue specific NK cell subsets, by the expression profile of
CD33, we subsequently studied whether the tissue specific differences are also expressed in
the NK cell maturation pattern. As the level of NKG2 A expression may be representative for
the level of NK cell maturation21,22, we analyzed the NKG2A expression profile on “committed”
NK cells. Besides the significant differences in the CD33 expression profile, the expression
profile o f NKG2A also showed a distinction between the different human tissues. In stage 4,
all tissues contained more than 95% NKG2A+ cells. Following NK cell developmental stages,
BM, CB and PB showed a decrease in the percentage of NKG2A+ cells up to approximately
25% in stage 5b, whereas in both LN a median o f 75-80% remained NKG2A+ and SPL kept
a median of 50% NKG2A+ cells. The stronger decrease of NKG2A+ cells in BM, CB and PB
as compared with other tissues was also reflected in the mean fluorescence intensity (MFI)
of NKG2A expression following stage 4 to 5b (Fig. S l). Overall, these data suggest that the
committed NK cells in LN and SPL have a more immature phenotype as compared with cells
present in BM, PB and CB.
In order to better define NK cell maturation, we extended our analyses with regard to
"committed” NK cells. Therefore, we subsequently analyzed the expression of additional
NK cell receptors to further asses the maturity status of the committed NK cells within the
different human tissues.
Differences in the NK cell receptor repertoire suggest distinct
in situ NK cell development within LN and CB
Phenotypically committed NK cells (CD45+CD3 CD56“) can generally be divided into two
distinguishable subsets: the CD56brigh,CD16+/' and the CD56dimCD16+ subset23. Our data
confirmed the heterogeneity o f the CD56brightCD16+/' and CD56dimCD16+ subsets within BM,
CB, PB, and LN, showing balances of CD56bright>>CD56dim in LN, and CD56bright<<CD56dira
in BM, CB and PB (Fig. S2). Additionally, we identified a CD56bright=CD56dimbalance in SPL.
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inguinalLN (inLN), liver LN (liLN) and spleen (SPL) (all n=5); *P<.05, **P<.01, ***P<.0001.
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Figure 5 \Expression of KIR, NKG2A/C, NCR, NKG2D and CD244 within the CD56brigh,CD16w' NK cell
marrow (BM), cord blood (CB), peripheral blood (PB), inguinalLN (inLN), liver LN (ULN) and spleen (SPL) (
of CD56brigh,CD16*:' cells positive for each specific receptor within each tissue; *P<.05, **P<.01, ***P<.000
intensity (M FI)for each specific receptor expressed by CD56brishtCD16*'~ cells; *P<.05, **P<.01, ***P<.0001.
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Figure 6 \Expression of KIR, NKG2A/C, NCR, NKG2D and CD244 within the CD56dimCD16+1
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To further assess the maturity of the committed NK cell subsets, we analyzed the expression
of killer immunoglobulin-like receptors (KIR), NKG2A/C, NKG2D, CD244 and natural
cytotoxicity receptors (NCR; NKp30, NKp44, NKp46) within the CD45+CD56+CD3
population by using FCM panels 2 and 3 (Table 1). These receptors trigger and modulate
mature NK cell effector function through a balance between inhibitory (KIR, NKG2A) and
stimulatory signals (NKG2C, NKG2D, CD244, N CR)-24.
We first analyzed the NK cell receptor repertoire of the CD56brightCD16+/' subset within
the committed NK cell population of each tissue (Fig. 5). Results showed that there was no
difference in the amount o f KIR+cells between the tissues. Nevertheless, the M FI of KIR2DL/
S2/3 and KIR3DL1 was lower in both LN and SPL, suggesting a more immature phenotype
of CD56bdght cells as compared with BM, CB and PB. Surprisingly, the proportion o f NKG2A+
cells was significantly lower in liLN as compared to other tissues. This may be explained by
a different NK cell development in situ, as suggested by the prolonged expression of CD33
(Fig. 4). Furthermore, the amount of activating receptor positive cells, with the exception
o f NKp44, was also lower in liLN as compared with other tissues. This was also reflected
within the CD56dimCD16+ subset of liLN, showing lower amounts o f NKG2D+, CD244+ and
NKp30+ cells as compared with other tissues (Fig. 6). Thus, these results suggest that NK cell
development in LN may differ in situ between LN at different anatomical locations and also
other tissues.
Analysis o f CB showed that both the CD56brlgbtCD16+/' (Fig. 5) and the CD56d,mCD16+
(Fig. 6) subset contained significantly more NKG2A+ cells as compared with other
tissues. In addition, the level of NKG2A expression (MFI) in the CD56br‘8btCD16+/ subset
was also significantly higher, which confirmed previous results25. NKG2C, which is the
stimulatory lectin-like counterpart of NKG2A, also showed elevated expression within the
CD56brightCD16+/‘ subset of committed NK cells in CB (Fig. 5). These data suggest that the fetal
micro-environment o f CB may provide prevalence for the expression of lectin-like antigens as
compared with other human tissues.
Overall, the data on the NK cell receptor repertoire within the different subsets of
the committed NK cells demonstrates the heterogeneity of the CD56bnghtCD16+/~ and
CD56dimCD16+ within the different compartments and suggests that microenvironment may
play a role in differential in situ development of the NK cell receptor repertoire o f committed
NK cells.

Discussion
In contrast to T and B cells, the developmental pathways and locations for human NK cell
development are currently less well defined. Results o f this study suggest that this is partly
due to the heterogeneity of NK cell subsets and their diverse anatomical distribution over
the different compartments within the human body. Using 10-color FCM, we were able to
distinguish seven NK cell developmental stages, which are numbered in line with the initial
4 stages as described by Freud et al.10 and that we further specified by the expression profiles
of CD 133, CD33, CD244 and NKG2A. It should be noted, however, that of the seven stages
that we detected, stages 1 and 2 still obtain multi-lineage potential, whereas NK cell lineage
commitment is described to be completed in stage 310. Our results showed that NK cell
development may be accompanied by early expression of CD244 starting at stage 2-3 and that
there is a diverse distribution of the NK cell developmental stages among different human
tissues. In addition, we provided a detailed phenotypical characterization of the committed
NK cell population revealing different NK cell maturation stages (i.e. CD56brlght:CD56dimratio
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and heterogeneity in the NK cell receptor repertoire) within the tissues.
Our data pointed that NK cell development originates from BM as stage 1 and 2 cells
(CD34+CD117 CD56 CD94' and CD34+CD117+CD56'CD94', respectively) were only found
in BM and not in LN, SPL or PB. This is in contrast to the findings of by Freud et al., who
identified stage 1 and 2 cells in SLT10. This may be due to differences in sample preparation
before analysis. In the previous study, for each donor tissue, cells from multiple tonsil pieces
or multiple LN were pooled in order to obtain sufficiënt numbers within each NK cell
developmental stage. In contrast, with the use o f 10-color flow cytometry, we were able to
study small sample sizes of tissues obtained from single donors. Due to biological variation
between donors, pooled samples of each tissue may cause a non-representative view on NK cell
subset numbers present within the different tissues analyzed. However, due to the detection
limits that we set for our analysis, we cannot rule out that very small populations remained
undetected within our samples. Nevertheless, without pooling samples, we believe that this
unique collection of tissue samples provides a genuine view on the distribution of the different
NK cell developmental stages within the different anatomical locations as they are in vivo.
Upon acquiring CD56 expression (NK cell commitment), the cells acquired CD94
expression. Simultaneously, NKG2A positive cells appeared. Later, following NK cell
development, CD94 expression decreased during the final maturation steps towards a
CD56dimphenotype together with a decrease in NKG2A expression16'26. This phenomenon has
also been described in the setting of allogeneic SCT. Following NK cell repopulation after
allogeneic SCT, we and others have shown that CD56bright cells are the first committed NK
cells to arise in the early phase after transplantation followed by the repopulation of CD56dim
cells suggesting a CD56bngh' to CD56dlm developmental pathway13,14. This has been further
supported by research o f Dulphy et al. in which an intermediate CD56brightCD16lowpopulation
was found in the early phase after allogeneic SCT before repopulation of the CD56dimCD16+
subset27. Overall, our findings described in this paper are in line with the in vivo repopulation
of NK cells after allogeneic SCT and therefore support a model in which CD56brigbt cells
further develop into CD56dim cells which may ultimately result in the CD56brigbt« C D 5 6 dim
ratio as seen in the periphery o f healthy individuals. The concomitant downregulation of
NKG2A with CD94 during the final maturation steps towards a CD56dimphenotype may be
explained by the fact that these two molecules form a functional inhibitory NKG2A/CD94
heterodimer recognizing the ubiquitously expressed HLA-E molecule28,29. Notably, we also
observed a mature in vivo NK cell developmental stage, that primarily consisted of CD56dim
cells, expressing low levels of NKG2A without CD94 (stage 5b). The low expression level of
NKG2A in combination with the fact that NKG2A only contributes to the binding affinity
of the heterodimeric complex and HLA-E solely interacts with CD9429, suggests that in this
case NKG2A is non-functional. Recenlly, the functional NKG2A/CD94 receptor complex was
described to be endocytosed by a macropinocytic-like process, which may be related to the
maintenance of its surface expression30. However, as it is not clear whether the NKG2A/CD94
complex is internalized as a whole or may be first uncoupled before internalization, it may be
possible that for a brief period NKG2A may exist on the cell surface without CD94. Together,
this suggests that inhibition o f cells in stage 5b largely depends on KIR signaling, and that
stage 5b is one of the final stages in NK cell development.
Remarkably, the phenotype of committed NK cells (stage 3b-5b) differed between both LN
(liver and inguinal sites). The NK cell receptor repertoire in liLN showed significantly less
cells expressing NKG2A/C, NKp30, CD244 and NKG2D. All together, these results suggest
that committed NK cells in liLN reside in an even more immature state as compared with

committed NK cells in inLN. This was confirmed by the expression of CD33, a marker for
early NK cell development, which is expressed significantly longer by committed NK cells
in liLN as compared with inLN and other tissues following NK cell development. Similarly,
CD56brighl NK cells in the liver itself show a more immature phenotype as compared to their
counterpart in PB31. The difFerences in NK cell differentiation in situ after NK cell commitment
may be due to the regional immune system o f the liver, which is characterized by relatively
weak cellular immune responses and hyporesponsiveness to antigens and bacterial product
derived from the intestines32. As NK cells form a bridge between innate and adaptive immune
responses, the immature state of committed NK cells in liver and its draining LN may play a
role in this. However, as we were not able to perform functional analysis due to small sample
sizes, this remains subjected to further study.
Our findings confirm results from previous studies showing that the CD56bnghtCD16+/'
and CD56dimCD16+ subsets are present in the same proportions in both CB and PB33,34.
Nevertheless, these studies also reported that CB NK cells have a natural reduced killing
ability as compared with PB NK cells. We postulate that this may be due to difFerences in
NKG2A expression as our results showed that NKG2A is significantly more expressed in CB
as compared with PB and also other tissues. Nevertheless, the reduced killing ability of CB
NK cells can be reversed after cytokine stimulation33,34. Thus, as CB is a source for ex vivo
generation o f NK cell-based immunotherapeutics35, the high expression of NKG2A and its
inhibitory effect on CB NK cell function may not necessarily form a problem for NK cellbased immunotherapeutic strategies.
Although our analysis o f the committed NK cells could not distinguish NK cell subsets
between stages 3b to 5b, the ratio between the CD56brishtCD 16+/‘ and CD56dimCD 16+subsets and
the overall expression of KIR and NKG2A provided a clear overview on the maturation status
o f committed NK cells within the different tissues. Committed NK cells in LN represented
the most immature status as the NK cells profoundly consisted of CD56brightCD16+/' cells,
followed by SPL showing an equal balance o f both subsets. BM, CB and PB held the most
mature status o f NK cells as they abundantly contained the CD56dimCD16+ subset. After
allogeneic SCT, in vivo maturation o f the NK cell receptor repertoire is characterized by fast
upregulation o f NKG2A followed by the acquisition o f KIR together with a slow decrease
in NKG2A expression13'14,21,36. The maturation status o f the committed NK cells within the
different tissues analyzed confirm these findings as the overall KIR expression was highest
in BM, CB and PB, followed by SPL and was lowest in LN. With the exception o f CB, ranges
o f NKG2A expression were lowest in BM and PB, followed by a higher range of NKG2A
expression in LN and SPL.
In summary, these data may support a model for in vivo NK cell development indicating
BM as the origin of NK cell development (Fig. 7). Through trafficking of precursor NK cells
from BM to LN, commitment to the NK cell lineage may take place in LN followed by potential
in situ differentiation and restricted maturation of the NK cell receptor repertoire. For further
differentiation of committed NK cells, stage 3b CD56d,m cells or stage 4 CD56bn§ht cells may
traffic towards splenic tissue in which stage 5 cells could develop and further maturation
o f the NK cell receptor repertoire can take place. Final maturation of NK cells may occur
through trafficking of cells (stage 4 to 5) towards the periphery from which NK cells may be
further distributed to different compartments in the human body. Although the phenotypical
data presented in this paper are of course no direct evidence for the proposed model, this
is the first study in which the presence o f different NK cell developmental stages and their
mature subsets are analyzed within a unique set of healthy human tissue samples in great
detail. Therefore, our results may serve as a valuable and important basis for future NK cell
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developmental studies as well as newly developed NK cell generation protocols that are being
transferred towards clinical use. Nevertheless, further functional analyses of developing and
committed NK cells within the different NK cell developmental stages are clearly warranted
to support our findings and to obtain a complete view on the NK cell developmental pathway
that includes the acquisition of the cytolytic and cytokine producing functions during NK cell
development.

Bone M arrow
Stage 1 - 2 NK precursors.
Start of differentiation towards
stage 3a

Trafficking o f
stage 3a cells

Distribution of mature CD56b!,gh'
and CD5&'"" NK cells towards
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Figure 7 |Proposed model for human NK cell development in vivo. Based on our data, we
propose that precursor N K cells (stage 2) may trafficfrom BM to LN, where commitment to the
NK cell lineage may take place (stage 3a -» 3b) followed by potential in situ differentiation ofN K
cells with restricted maturation of the NK cell receptor repertoire. For further differentiation of
committed NK cells, CD56dim (stage 3b) or CD56brigl" cells (stage 4) may traffic towards splenic
tissue in which CD56dim cells may develop and further maturation of the NK cell receptor
repertoire can take place. Final maturation o fN K cells may occur through trafficking of cells
towards the periphery from which NK cells may be further distributed to different compartments
in the human body.

Materials and methods
Tissue collection and mononuclear cell isolation
Bone m arrow (BM), peripheral blood (PB), spleen (SPL) and cord blood (CB) samples
were obtained at the Radboud University Nijmegen Medical Centre (RUNMC; Nijmegen,
The Netherlands). BM and PB samples were obtained from healthy SCT donors before
mobilization treatm ent with G-CSF. SPL samples were obtained from deceased liver or kidney
transplantation donors. CB samples, obtained at birth after normal full-term delivery, were
provided by the cord blood bank of RUNMC. At the Erasmus Medical Centre (Rotterdam,
The Netherlands), liver draining lymph node (LiLN) samples were obtained from deceased
liver transplantation donors and inguinal lymph node (inLN) samples from kidney transplant
recipients (not treated with immunosuppressive drugs prior to LN excision). After collection,
each tissue sample was stored at room temperature and processed within 24h. LN and SPL
samples were first forced through 74 pm netwell filters (Costar, Corning International, NY,
and USA) to obtain single cell suspensions. Mononuclear cells (MNC) were isolated by
density gradiënt centrifugation (Lymphoprep; Nycomed Pharma, Roskilde, Denmark) and
cryopreserved in liquid nitrogen until further use. At least 5 independent samples of each
tissue were collected. This study was perform ed in accordance with the regulations set by the
Medical Ethical Committees for hum an research of the RUNMC and the Erasmus MC. The
Medical Ethical Committees for hum an research of the RUNMC and the Erasmus MC have
approved the use of this material for the current study.
W ritten inform ed consent with regard to scientific use was obtained from all study participants
or their representatives.
Multi-color flow cytometry
For analysis, we designed three different 10-color FCM panels (Table 1) using conjugated
mAbs kindly provided by Beekman Coulter (Marseille, France) with the exception of CD 16FITC (Dako, Glostrup, Denmark) and CD159c-PE (R&D Systems, Minneapolis, CA, USA).
Combinations of mAb-fluorochromes were balanced to avoid antibody interactions, sterical
hindrance and to detect also dimly expressing populations. Before multi-color analyses, all
conjugates were titrated and individually tested for sensitivity, resolution and compensation of
spectral overlap. Isotype Controls were used to define marker settings. Thawed MNC fractions
of collected hum an tissues were assessed on a Navios™ flow cytometer and analyzed using
Kaluza Software® 1.0 (Beekman Coulter). To define NK cell developmental stages, samples
were gated on the CD45+CD3 population within CD45+/SS gated cells to exclude T cells and
endothelial cells (which may express CD34 but are CD45 negative37) and debris from analysis.
To analyze the NK cell receptor repertoire of committed NK cells, cells were further gated
on CD56+ cells within the CD45+CD3' population. An additional staining was performed to
check for the presence of lymphoid tissue inducer cells (LTIs) in the lymphoid tissues20. To
this end, a surface staining was perform ed using CD34-FITC, CD336-PE, CD3-ECD, CD 127PE-Cy5, CD117-PC7, CD56-APC-A750, CD94-PB and CD45-PO conjugated mAbs followed
by an intracellular staining of RORyt using an APC-conjugated mAb (clone AFKJS-9;
eBioscience, San Diego, CA, USA) together with Fix and Fix/Perm buffer (eBioscience, San
Diego, CA, USA) according to the m anufacturer’s instructions. LTIs were identified within
the CD45+CD3 population as CD34 CD117+CD94 CD56+/‘ cells expressing CD 127, NKp44
and RORyt.
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Cell populations > 0.1% of the CD45+CD3‘ population with a threshold of more than 50 cells
were considered reliable. Cell populations were considered to be present in a specific tissue
when at least 3 out of 5 samples showed reliable results. Cell populations that did not suffice
to these criteria were excluded from further (statistical) analysis. An overview of analyzed
sample sizes is shown in Table Sl.
Statistical analysis
To compare percentages of cells positive for single markers between the different tissues, a
random effect logistic regression model was used that accounted for the biological diversity
between samples of each tissue and for the fact that several samples of each tissue type
were taken. Mean fluorescence (MFI) of specific markers between the different tissues were
analyzed using ANOVA analysis with Tukey post testing. P-values < 0.05 were considered
significant.
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SUPPORTING INFORMATION
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Figure SI \ NKG2A expression levels in stages 4, 5a, and 5b in bone marrow (BM), cord blood
(CB), peripheralblood (PB), inguinal LN (inLN), liver LN (liLN) and spleen (SPL) (all n =5);
*P,.05, **P„01, ***P,.0001.

Table Sl. Cell numbers in analyzed samples.
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Figure S2 | CD56 and CD16 expression patterns o f committed N K cells (stage 3b-5b) within
different human tissues.
BM= bone marrow, CB = cord blood, PB =peripheral blood, inLN-inguinal LN, liLN = liver LN,
SPL =spleen (all n =5). (A) Shown are representative examples (one o f each tissue) fo r CD56
and CD 16 expression patterns within the committed N K cell population. (B) Shown are the
distribution o f the CD56brightCD16+ ‘subset (left panel) and the CD56dimCD16+subset within the
different human tissues; *P,.05, **P,.01, ***P,.0001.
4 Table S l \ To define N K cell developmental stages, samples were gated on the CD45+CD3
population within CD45+/SS gated cells to exclude T cells and endothelial cells from analysis.
For each tissue, the following items are indicated:1Total cell number within the CD45+/SS gate;
2the amount o f cells within the CD45+CD3 gate and; 3the total am ount o f cells covering all N K
cell developmental stages. All cell numbers are shown in median (range).

109 I 110

ÜMTUS1JIL

BORIU

ICILLERS
CHAPTER

CHARACTERIZATION OF

Published as | Ex vivo generated NK cells acquire typical NK receptors
and display a cytotoxic gene expression profile similar to peripheral
blood NK cells.
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Abstract
Ex vivo differentiation systems ofNK cells from CD34+hematopoietic stem cells are ofpotential
importance for adjuvant imm unotherapy of cancer. Here, we analyzed ex vivo differentiation
ofN K cells from cord blood-derived CD34+ stem cells by gene expression profiling, real-time
RT-PCR, flow cytometry and functional analysis. Additionally, we compared the identified
characteristics to peripheral blood CD56br‘6ht and CD56dlmNK cells. The data show sequential
expression of CD56 and the CD94 and NKG2 receptor chains during ex vivo NK cell
development, resulting finally in the expression of a range of genes with partial characteristics
of CD56brlght and CD56dimNK cells from peripheral blood. Expression of characteristic NK cell
receptors and cytotoxic genes was mainly found within the predom inant ex vivo generated
population of NKG2A+ NK cells, indicating the im portance of NKG2A expression during NK
cell differentiation and maturation. Furthermore, despite distinct phenotypic characteristics,
the detailed analysis of cytolytic genes expressed within the ex vivo differentiated NK cells
revealed a pattern close to CD56dim NK cells. In line with this finding ex vivo generated
NK cells displayed potent cytotoxicity. This supports that the ex vivo differentiation system
faithfully reproduces major steps of the differentiation of NK cells from their progenitors,
constitutes an excellent model to study NK cell differentiation and is valuable to generate large
scale NK cells appropriate for immunotherapy.

Introduction
Natural Killer (NK) cells are CD3'CD56+ lymphocytes that exert innate im m unity against
cancer and viral infections. Recognition and subsequent killing of virus-infected or
transform ed cells by NK cells is regulated through a balance of signals from inhibitory and
activating receptors1'3. Based on the density of CD56 expression on the cell- surface, two major
NK cell subsets with distinct functional properties can be discriminated. CD56d,mNK cells are
the dom inant NK cell type found in peripheral blood (PB), exhibit potent cytotoxicity and
express relatively high levels of KIR and CD16 (FcRylII), the receptor mediating antibodydependent cytotoxicity (ADCC). CD56bright NK cells on the other hand, are able to traffic
to secondary lymphoid organs and produce high levels of immunoregulatory cytokines
upon longer activation4'5, but exhibit low to absent expression of KIR and CD 16. However,
activation of CD56bright KIRCD16 PBNK cells induces KIR and CD 16 expression, indicating
a m aturation process towards cytotoxic CD56dim KIR+CD16+ NK cells6.
Due to their strong ability to target tum or cells, NK cells have been described as
promising effectors for adoptive im m unotherapy of cancer7. So far NK cells for adoptive
transfer have mainly been generated through ex vivo expansion of PBNK cells8. Obtaining
adequate purity and cell numbers of functional NK cells remains the biggest challenge for
their therapeutic use. Recently, we have described a cytokine-based culture m ethod with
the capability of generating clinically relevant NK cell products from umbilical cord blood
derived hematopoietic stem cells9,10 obtaining high cell numbers, purity and functionality.
Currently, NK cell products generated by this m ethod are investigated in a phase I clinical
trial to treat elderly acute myeloid leukemia patients in a non-transplantation setting (Dutch
Trial Register NTR2818; see refs.11,12). Additionally, this feeder cell-free ex vivo differentiation
system might provide a powerful tooi to study hum an NK cell development.
In the present study, we have investigated the gene and protein expression profile as well
as functional properties of the ex vivo differentiated hum an NK cells and compared their
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characteristics to CD56bright and CD56dimperipheral blood NK (PBNK) cells. It is intriguing,
that NK cells generated by this m ethod can not unequivocally be classified to either of the
CD56brlght or CD56d,mPBNK cell subpopulations. Despite phenotypic similarities to CD56bright
PBNK cells they remarkably display a pronounced gene expression profile for cytotoxic
molecules similar to CD56dim cells and exhibit potent cytotoxicity. Upon activation they also
have the capability of producing interfiron(IFN)-Y- These findings support that our NK cell
differentiation protocol allows ex vivo studies of hum an NK cell development and that the
generated NK cells constitute promising effectors for adoptive im m unotherapy against cancer.

Results
T im e-dependent cellular com position of ex vivo differentiation cultures
Initially, we further characterized the cellular composition of our recently developed
cytokine-based expansion and differentiation m ethod9 for generating NK cells from CD34+
hematopoietic stem cells (Figure IA). In this protocol, CD34+ cells are first expanded for 10
days using SCF, Flt3L, IL-7 and TPO. Thereafter at day 10, TPO is replaced by IL-15 and at
day 14 Flt3L by IL-2 to initiate NK cell differentiation and proliferation. Usually, at day 28
the percentage of CD56+ NK cells within the expanded population reached 50% or more
and upon extended culture to day 35 over 95% pure and viable NK cells can be obtained as
previously reported910. A compilation of num bers and purity of NK cells achieved in several
experiments is shown in Supplementary Table 1, which emphasizes the high numbers of pure
NK cells obtained by this ex vivo NK cell differentiation method. We previously observed
that during the differentiation period m onocytic cells can be detected in varying am ounts9.
Here, we have analyzed the accumulation of CD567CD14', CD56YCD14+ and CD56+/CD14
cells during the differentiation process in more detail (Figure 1B). Starting with CD34+ cells
from one cord blood sample, the expansion of CD56 /CD14~ cells peaked at day 22 of culture
obtaining values of 2 to 3xl07 cells and declined thereafter. Monocytic CD56'/CD14+ cells
expanded until day 15 of culture and then reached a plateau phase of approximately lxlO7
cells, thereafter their num ber started to decline again at day 25. C D 14/C D 56+ NK cells were
first detected at day 17 and accumulated in the displayed experiments to 2xl07 cells at day
29/30, resulting in a purity of NK cells of about 50% at this stage of differentiation.
Expression o f NK cell-specific genes is initiated during early ex vivo NK cell differentiation
To characterize the upregulation of genes specific for the NK cell lineage in our ex vivo
differentiation system, we perform ed gene expression profiling of cell samples taken
between days 10 and 35 of culture. The top 25 genes most strongly upregulated during NK
cell differentiation (Table 1 and Supplementary Table 2) were established by comparing the
samples taken at the culture end point (day 35) and the initiation of differentiation (day 10).
This group of genes exhibited a 29- up to 158-fold upregulation and included genes for major
NK cell receptors such as all members of the CD94/NKG2 receptor family, as well as for
proteins relevant for NK cell-mediated cytotoxicity or involved in intracellular signalling.
Generally, when we analyzed the gene expression profiles at various tim e points between day
10 and 35, we observed detectable expression for all 25 genes starting between day 17 and day
20 followed by continuous further upregulation until day 35 (see Supplementary Table S2).
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Figure 1 \ Expansion o f progenitors, monocytic cells and N K cells in the culture system.
(A) Scheme o f ex vivo N K cell differentiation protocol: CD34+cells were isolatedfrom fresh UCB
and expanded fo r 10 days in GBGM8 medium with the indicated cytokines and growth factors.
Generation o f CD56* N K cells was induced by the replacement ofTPO by IL-15 at day 10, and of
Flt3L by IL-2 at day 14 as indicated in the middle and lower line. Cytokines and growth factors
added throughout the whole culture period are displayed in the upper line. Factors included only
until or after day 10 or 14 are shown in the middle and lower lines, respectively.
(B) Accumulation o f CD56 CD14', CD56+ and CD14+ cells over culture time: total cell numbers
and composition o f the cultures regarding C D 56C D 14, CD56+, and CD14+cells was established
by cell counting and flow cytometry over the culture period as indicated. Values display the
accumulated cell numbers ± SEM from 4 independent experiments.
NK, natural killer; IL, interleukin; SEM, Standard error o f the mean; TPO, thrombopoetin.

Based on their known relevance for NK cell activation and cytolytic function, we selected
17 of the 25 highest induced genes and confirmed their upregulation by real-time RT-PCR
using mRNA isolated at several time points during culture (Figure 2). In addition, although
not among the top 25 genes, CD16 (FcRylII) was included in this analysis, because of its
im portant function in antibody-dependent-cellular-cytotoxicity (ADCC) and its differential
expression in CD56dimand CD56br‘8ht PBNK cells. In Figure 2A, mRNAs for proteins generally
regarded as NK markers such as CD56, CD161/NKRP1 or CD16 are shown together with
mRNAs for the highly expressed IL-2 receptor (3 chain and CD96. We observed detectable
induction in their mRNA expression levels at day 15 of culture and continuous up-regulation
during the further NK cell differentiation process. Figure 2B displays the mRNAs for the
NKG2 and CD94 C-type lectin-like NK receptor chains highly upregulated from day 14
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Table 1: List o f the 25 genes m ost strongly upregulated during ex vivo generation
of CD56+NK cells as deduced from gene profiling.

G ene
S ym b o l

G ene N am e / S yn o n ym e

KLRC 1

killer cell lectin-like receptor subfamily C. member 1 / NKG2A

158,3

G ZM K

granzyme K (granzyme 3; tryptase II)

153,4

KLRB1

killer cell lectin-like receptor subfamily B, member 1 / CD161, NKR-P1

86,1

IL2R B

interleukin 2 receptor, beta

82,6

K LRC4

killer cell lectin-like receptor subfamily C, member 4 / NKG2F

82,2

G ZM A

granzyme A (granzyme 1, cytotoxic T-lymphocyte-associated serine esterase 3)

71,8

K LRC3

killer cell lectin-like receptor subfamily C, member 3 / NKG2E

70,2

d a y 35
d a y 10

KLRK1

killer cell lectin-like receptor subfamily K, member 1 / NKG2D, CD314

69,0

CCL18

chemokine (C-C motif) ligand 18 (pulmonary and activation-regulated)

67,9

KLRD1

killer cell lectin-like receptor subfamily D, member 1 / CD94

67,7

K IR 2 D L 4

killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 4

66,7

CD96

CD96 molecule

53,7

NCAM1

neural cell adhesion molecule 1 / CD56

53,7

R AS G R P1

RAS guanyl releasing protein 1 (calcium and DAG-regulated)

51,1

G N LY

granulysin

4 9 ,0

C D3E

CD3e molecule, epsilon (CD3-TCR complex)

48,3

PRF1

perforin 1 (pore forming protein)

47,8

K IR 2 D L 3

killer cell immunoglobulin-like receptor, two domains, long cytoplasmic tail, 3

45,8

SH2D1B

SH2 domain containing 1B

38,8

PTGDR

prostaglandin D2 receptor (DP)

38,0

C C L4

chemokine (C-C motif) ligand 4

34,5

K LR C 2

killer cell lectin-like receptor subfamily C, member 2 / NKG2C

32,7

ITK

IL2-inducible T-cell kinase

31,7

SAMD3

sterile alpha motif domain containing 3

29,2

G ZM B

granzyme B (granzyme 2, cytotoxic Tlymphocyte associated serine esterase 1)

2 9 ,0

Upregulation o f gene expression at day 35 is displayed as fold induction relative to day 10 of
culture. Genes occuring several times in the original A ffm etrix array data set are only given
once using their highest value.
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Figure 2 \ A wide range o f genes characteristic o f N K cells is upregulated during ex vivo
differentiation
In parts A to D 17 relevant genes selectedfrom the 25 most strongly up-regulated genes identified
by gene profiling (see Table 1) were analyzed by real-time RT-PCR. Part E displays a flow
cytometry analysis o f the consecutive acquisition ofCD 56 and CD94.
(A) depicts the real-time RT-PCR results obtained fo r genes o fa range o f receptors characteristic
o fN K cells, (B) o f receptor chains o f the C-type lectin-like CD94/NKG2 receptor family, (C)
o f cytolytic proteins and (D) o f several signaling proteins potentially involved in N K cell
differentiation. In addition to genes displayed in Table 1, the expression o f the N K cell receptor
CD 16 was included in this analysis. Total RNA was isolated and real-time RT-PCR performed
as described in material and methods. Values were normalized to f$-actin mRNA as internal
Standard. Mean values o f one representative culture o f three performed with triplicate wells ±
SD are shown.
(E) A t day 19 of culture CD56+CD94 cells were isolated bypreparative FACS sortingand separately
culturedfor additional 6 days. The consecutive acquisition ofCD94 by the CD56*CD94' N K cells
was analyzed by flow cytometry at day 25. (E)
FACS, fluorescence-activated cell sorting; SD, Standard deviation.
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onward. In parallel, mRNA encoding proteins of the cytolytic machinery, including perforin,
granzymes and granulysin, are swiftly upregulated (Figure 2C). Finally, we observed mRNA
induction of several intracellular signaling proteins including SH2D1B, RASGRP1 and ITK
potentially involved in NK cell differentiation (Figure 2D).
These data demonstrate that many of the relevant NK cell receptors and intracellular
proteins im portant for NK function are strongly upregulated in the established culture system
and this can be reliably used to study gene expression during NK cell development. For
example, CD56 and CD94 are among the most strongly upregulated genes. The corresponding
proteins clearly display consecutive appearance at the cell surface (Figure 2E). At day 19,
significant populations with expression of CD56 alone or with expression of CD56 and CD94
can be observed. However, no CD56 CD94+ cells are detectable. W hen the CD56+CD94' cells
were isolated by preparative FACS sorting and cultured separately, consecutive acquisition of
CD94 was observed in a large proportion.
Ex vivo generated CD56+NKG2A+ NK cells display a m ore m ature
gene expression signature than CD56*NKG2A NK cells
The m ost prom inent relative upregulation in our NK cell culture system was observed for
NKG2A. Since NKG2A can be assumed to be im portant for the functional maturation of NK
cells as a major inhibitory receptor17,18, we analyzed the correlation of NKG2A expression
with other NK cell-related genes upregulated during differentiation. For this purpose, we
investigated separately CD14+, CD56+NKG2A and CD56+NKG2A+ cells for the same set of
genes displayed in Figure 2. Cultures at day 27 were FACS-sorted into CD14+, CD56+NKG2A
and CD56+NKG2 A+cells and the expression levels of the genes were analyzed in these fractions
by real-time RT-PCR (Figure 3). With the exception of CD16, significant expression of all
genes was observed only in CD56+NK cells, but not in CD14+ monocytic cells. CD 16 showed
higher relative mRNA expression levels in CD14+ m onocytic cells as compared to CD56+
NK cells. Regarding the NK cell populations, mRNA expression levels in the CD56+NKG2A
and the CD56+NKG2A+ subsets were similar for CD56, NKG2C and granzyme A, suggesting
that expression of these genes is independent of NKG2A. In contrast, expression levels for
all other genes analyzed were significantly higher in the CD56+NKG2A+ subset compared
to the CD56+NKG2A subset. Not only genes for receptors regulating NK cell activity, but
also the most strongly upregulated signalling proteins and molecules involved in cytotoxicity
were m ore prom inently present in NKG2A+ NK cells when compared to NKG2A NK cells.
This is in line with the notion that acquisition of NKG2A expression is followed by more
prom inent expression of other markers of mature NK cells17 indicating that the outgrowing
CD56+NKG2A+NK cell subpopulation is more mature than the majority of the CD56+NKG2 A
NK cells in the culture.
This is further confirmed by the surface expression pattern for KIR and CD 16, which
are almost exclusively expressed on cells displaying the inhibitory NKG2A/CD94 receptor
(Figure 3E). Expression of the activating NKG2C/CD94 receptor, although observed largely
on NKG2A positive cells, can also be present on cells lacking NKG2A.
Ex vivo generated NK cells display several surface antigen
expression pattern close to CD56brighl PBNK cells
Because a direct comparison has so far not been performed, we analyzed w hether ex vivo
differentiated NK cells can be classified to a subset of PBNK cells, which are classically divided
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into CD56bngtu or CD56dlmNK cells. Known characteristics of these subsets are that CD56bright
NK cells exhibit, compared to CD56dim cells, higher CD56 surface levels, diminished KIR
expression, except for KIR2DL4, and strongly reduced or even absent surface CD16. Tencolor flow cytometry analysis showed that ex vivo differentiated NK cells (Figure 4A) display
CD56 surface levels even higher than CD56bright PBNK cells (Figure 4C). This correlates with
higher CD56 mRNA expression levels detected by real-time RT-PCR (data not shown).
Strongly elevated surface expression on ex vivo differentiated NK cells is further detected for
the activating NKp44 receptor (Figure 4A compared to B). The proportion of cells expressing
NKG2A corresponds with PBNK CD56bright cells and is larger than for CD56dim cells (Figure
4A compared to C and D). Furtherm ore, ex vivo differentiated NK cells exhibit a percentage
of cells with CD 16 surface expression rather comparable to CD56bright PBNK cells which in
this case is much lower than for CD56dlm cells. On the other hand, KIR surface expression is
present on a significant num ber of ex vivo generated NK cells. In regard of NKRP1/CD161,
2B4/CD244 and NKG2D comparable surface expression for ex vivo generated NK cells and
both PBNK cell subsets was detected. For NKG2C we observed a high donor-dependent
variability similar for ex vivo generated NK cells and both PBNK cell subsets (data not shown).
The proportion of cells double-positive for NKG2A and NKG2C was regularly higher in ex
vivo generated NK cells than the proportion of cells single-positive for NKG2C.
Ex vivo differentiated NK cells show a gene expression repertoire of cytotoxic molecules
sim ilar to CD56dim PBNK cells and reveal potent cytolytic function
We next investigated the cytotoxic gene expression profile of the cells and whether this could
be matched with their cytolytic function. Therefore, we analyzed several granzymes as well as
perforin, which are highly induced during ex vivo NK cell differentiation, and compared the
corresponding mRNA expression levels to freshly isolated CD56dim and CD56bright PBNK cell
subsets (Figure 5A). In line with previous reports, the cytotoxic CD56dim PBNK cells showed
higher mRNA expression levels for granzyme A, granzyme B and perforin, whereas CD56bright
PBNK cells displayed elevated expression of granzyme K. Interestingly, ex vivo differentiated
NK cells exhibit, similar to CD56dimPBNK cells, higher mRNA levels of granzyme A, granzyme
B and perforin and lower levels of granzyme K mRNA when compared to CD56bright PBNK
cells. The expression of granulysin was comparable for both hum an PBNK cell subsets and ex
vivo generated NK cells.
Based on the findings that ex vivo generated NK cells express a similar repertoire of
cytotoxic molecules as CD56dim PBNK cells, we further analyzed their cytotoxic capacity in
parallel to PBNK cells that consist of about 90% of CD56dimNK cells. For this purpose we used
purified PBNK which were kept for three days in basal medium or in differentiation medium.
Generally, the cytotoxic efficiency of ex vivo generated NK cells was at least equal to PBNK
cells activated by culturing in differentiation m edium (Figure 5B).
These data display that the ex vivo differentiated NK cells generated with our culture
system possess a similar cytolytic molecule expression profile as CD56dim PBNK cells and, in
line with their cytolytic gene expression profile, exhibit potent NK cytotoxicity.
Ex vivo differentiated NK cells can produce IFN-y and display
antibody-dependent cellular cytotoxicity
In addition to their cytolytic activity, the secretion of cytokines such as IFN-y is a main
function of NK cells. Therefore, we evaluated the potential of ex vivo differentiated NK cells
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Figure 3 \ Functional markers o f mature N K cells are most prominently expressed in ex vivo
generated CD56+NKG 2A* N K cells
In parts A to D ex vivo generated N K cells were analyzed by real-time RT-PCR and in part E
by flow cytometry. For real-time R-PCR analyses cells were FACS-sorted at day 27 o f culture
into CD14+ cells (open bars), CD56*NKG2A (grey bars) and CD56*NKG2A* N K cells (black
bars). Total RNA was extracted and mRNA levels within the FACS-sorted subsets were analyzed
by real-time RT-PCR (A) fo r general receptor characteristic o fN K cells, (B) the C-type lectinlike receptor chains o f the CD94/NKG2 family, (C) cytolytic proteins including perforin and
granzymes and (D) several signaling molecules. All values were normalized to fi-actin as internal
Standard. To display the results the sample with the highest relative induction rate o f each gene
was arbitrarily set to 100%, which usually was the CD56*NKG2A* subset except fo r CD 16,
NKG2C and GZMA. In these cases the sample o f the CD 14* cells and the CD56*NKG2A~ cells
were set to 100 %, respectively. Results depicted represent relative mRNA levels ± SEM calculated
from triplicate wells.
(E) For flow cytometry ex vivo generated N K cellsfrom day 27 were analyzed after staining with
antibodies fo r the proteins indicated and setting a gate for CD56 positive cells. Representative
flow cytometry dot blots are shown.
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Figure4 | Ex vivo generated N K cells display phenotypic properties ofPBNK cells in flow cytometry.
Ex vivo generated N K cells in cultures from day 28 and N K cells in peripheral blood mononuclear cells were
cytometry using a panel o f antibodies fo r characteristic surface markers and N K cell receptors as described in
analysis o f ex vivo differentiated N K cells and (B) o fN K cells in peripheral blood mononuclear cells. In (C) dc
and in (D )for CD56dimPBNK cells. The left upper panels in parts A to D display the staining with CD56 and CL
in the consecutive boxed panels o f these figure parts. A representative example offive is shown.
PB, peripheral blood.
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Figure 5 \ Comparison ofcytolytic profiles o f ex vivo generated N K cells and PBNK cells.
(A) Comparison o f expression o f cytolytic proteins: The expression o f granulysin (GNLY),
granzyme A (GZMA), granzyme B (GZMB), granzyme K (GZMK) and perforin 1 (PRF1)
mRNA was compared fo r day 30 ex vivo differentiated N K cells (n=4, black bars) and FACSsorted CD56dim (n=3, open bars) and CD56bright PBNK cells (n=3, grey bars). Real-time RT-PCR
analysis was perforrned using total RNA isolated from the different cell types and values were
normalized to fi-actin levels as internal Standard. Mean values ± SEM are shown in relation to
PB CD56dm N K cells, which were arbitrarily set to 100%.
(B) Comparison o f natural cytotoxic activities: Europium-release cytotoxicity assays were
perforrned using K562 cells and ex vivo generated N K cells (open circle) and PBNK cells
preincubated fo r 3 d with differentiation medium containing 1000 U rhlL-2 (black quadrant)
or with basal medium (black triangle) at various effector to target (E:T) ratios. Mean values ±
SD calculated from triplicates are shown fo r one representative experiment o f three perforrned.
GNLY, granulysin; GMZA, granzyme A; GZMB, granzyme B; GZMK, granzyme K; PRF1,
perforin 1
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Figure 6 | Ex vivo generated N K cells can produce IFN-y and display potent antibody-dependent
cellular cytotoxicity (ADCC).
(A) Comparison ofIFN-y mRNA levelsfollowing induction with IL12 orPM A plus ionomycin: Ex
vivo generated N K cells or PBNK cells kept in basal or differentiation GBGM® medium for 12 h
were induced with IL12 or a combination ofP M A and ionomycin for 4 h or left untreated. Then
total RNA was isolated from the cells and subjected to real-time RT-PCR analysis. Mean values of
relative IFN-y mRNA levels +/- SD calculated from three independent cell samples are shown. The
values obtainedfor non-induced ex vivo differentiated N K cells were arbitrarily set to 1.
(B) Comparison o f intracellular IFN-y production following induction with IL12 or PMA plus
ionomycin: Ex vivo generated N K cells or PBNK cells preincubated in basal or differentiation
GBGMm medium fo r 24 h were induced with IL12 or a combination ofPM A and ionomycin for
1 6 h o r6 h , respectively, or left untreated. GolgiPlugTM was added the last 4 h o f induction before
analysis. Then cells were permeabilized and stained fo r intracellular IFN-y. The percentages
o fIF N -y positive cells within the CD56 positive population are shown as mean values +/- SD
calculated from three independent samples obtained from different individuals.
(C) Rituximabstrongly increases cytotoxicity againstNalm-6and 721.221 cells: YLxvivogenerated
N K cellsfrom day 28 o f culture were p u rifed and subsequently used in Europium-release killingassays. 721.221 and Nalm-6 cells were used at an effector to target ratio o f 12:1. Cells were
preincubated with Rituximab as indicated. Mean values ± SD calculated from triplicate wells are
shown fo r a representative experiment performed.
or with basal medium (black triangle) at various effector to target (E:T) ratios. Mean values ±
SD calculated from triplicates are shown fo r one representative experiment o f three performed.
ADCC, antibody-dependent cellular cytotoxicty; IFN, interferon; PMA, phorbol myristic acetate.
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to produce IFN-y mRNA and protein in comparison to PBNK. For this purpose cells were
activated for a short period with IL-12 or a combination of PMA and ionomycin. Whereas
ex vivo differentiated NK cells without further stimulation had undetectable levels of IFN-y
mRNA, IL-12 stim ulation was capable to induce significant levels of mRNA. However, only
a fraction of the response of PBNK kept in basal or differentiation m edium was obtained
(Figure 6A). The combination of PMA and ionomycin, used as a positive control, triggered
similar high responses for ex vivo differentiated NK cells and PBNK cells. W hen we tested
the capacity of the cells to produce IFN-y by intracellular staining of the cytokine, the
production again was evident for IL-12- and PM A/ionomycin-treated cultures (Figure 6B
and Supplementary Figure 1). In the case of IL-12 induction a significant fraction of ex vivo
differentiated NK cells displayed IFN-y production. This response was higher for ex vivo
differentiated NK cells than for PBNK without prior cultivation in differentiation medium,
but lower than for PBNK cells kept in differentiation medium. PMA/ionomycin was able to
elicit IFN-y production in about half of the ex vivo differentiated cells and nearly all PBNK
cells. This demonstrates that ex vivo differentiated NK cells are principally prepared to produce
IFN-y and possess imm unoregulatory capacity, but appear less responsive to stimuli such as
IL-12 when compared to PBNK.
In regard of therapeutic potential of ex vivo differentiated NK cells we were further
interested to test to which extent these cells would display ADCC. For this purpose we
used the hum an lymphoblastoid cell line 721.221 and the pre-B ALL cell line Nalm-6 in the
absence or presence of Rituximab, a hum anized anti-CD20 antibody, which is increasingly
used in the therapy of leukemias19. Indeed, whereas in the absence of the specific antibody ex
vivo differentiated NK cells displayed significant, but low cytotoxicity towards both leukemia
cell lines, the addition of Rituximab mediated strongly increased killing reaching levels of
50 to 70 % of the target cells (Figure 6C). This shows that ex vivo differentiated NK cells are
promising effector cells for the enhancem ent of antibody-based leukemia therapies.

Discussion
Ex vivo differentiation systems for NK cells from UCB stem cells are im portant from two
perspectives. They can be used to elucidate basic mechanisms of hum an NK cell differentiation
and can be employed to generate defined NK cell products for the treatm ent of malignancies
such as leukemias20,21. A better understanding of the differentiation process will facilitate the
production of therapeutic NK cells with specific and improved properties. However, NK
cell development has so far been studied mostly in the murine system22'24, whereas detailed
knowledge about differentiation of hum an NK cells on the molecular level is still limited.
Until recently, ex vivo systems to generate hum an NK cells were depending on mouse bone
marrow stromal feeder cells25,26, which ham pered a detailed gene transcription analysis of the
NK cell differentiation process. Only few studies have therefore investigated hum an NK cell
development on the molecular level using ex vivo differentiation systems27. More recently,
a hematopoietic stem cell reconstitution technique in NOD-scid IL2Rynull (hu-NSG) mice
was described and provided evidence that hum an NK cells develop in vivo in these immunecomprom ised mice and can acquire functional competence after preactivation28. However,
despite significant progress in the development of differentiation systems m any issues remain
unresolved, among others the contribution of lymphoid29 and myeloid30 pathways to NK cell
development from CD34+ stem cells is still a controversial issue. Additionally, it would be of
interest to further characterize and directly compare ex vivo generated NK to the subsets of

NK cells in peripheral blood to achieve a better understanding of the immunological and
therapeutic properties of the generated cells.
In the current study, we have characterized in more detail a recently reported and
extremely efficient system for ex vivo generation of high numbers of mature NK cells from
UCB-derived CD34+ hematopoietic stem cells, which gives rise to a largely pure NK cell
product9,10. W ithin this stromal cell-free system, NK cells are generated following stimulation
with cytokine mixtures prom oting NK as well as monocytic cell development. Indeed,
monocytic cells are formed within our ex vivo NK cell differentiation system that express
CD14 as well as the FcRylII receptor similar to cultured monocytic cells31. However, these
monocytic cells accumulate transiently in the culture and are again reduced at later time points
when NK cells start to increase quickly (Figure 1B). In the interm ediary phase of our culture
system, these monocytic cells might be im portant for promoting NK cell differentiation in
terms of providing secreted factors and/or cellular interactions such as trans-presenting IL-15
via IL-15 receptor expressed on monocytes32'34. In addition, based on the obtained kinetics of
accumulation of CD14 CD56' cells, CD14+CD56 cells and developing and expanding CD56+
NK cells, a differentiation of the CD56+ cells from myeloid precursors is not excluded.
To further characterize our NK cell differentiation system, we perform ed microarray
profiling at different stages of differentiation. The obtained data demonstrate that a broad
range of genes characteristic for NK cells was reproducibly upregulated. Among those were
NK cell receptor genes, including those for NKRP1 and all members of the NKG2 and
CD94 receptor family, but also signalling proteins and cytotoxic molecules (see Table 1 and
Supplementary Table S2). As expected, the strongest upregulated genes included those for
the NK m arker protein CD56, the IL 2 receptor |3 chain and the CD94 and NKG2 receptor
chains (Figure 2). Most of the highest upregulated genes were exclusively found in the NK cell
fraction and not in the monocytic cells also generated in the culture, one notable exception
being the FcRyIII/CD16, which was present also in the monocytic fraction (Figure 3).
W hen analyzing protein expression on the cell surface it seems that CD56 expression
precedes and may be a prerequisite for CD94 expression (Figure 2E). In the real-time RTPCR analysis, the highest increase in mRNA levels was found for the inhibitory NKG2A
receptor chain, whereas m uch less mRNAs for the activating NKG2C and NKG2E chains
were detected. However, surface expression of NKG2A as well as of NKG2C and NKG2E
should be linked with CD94 expression as these three NKG2 chains can be transported to the
cell surface only as heterodimers with CD9435. The preferential high expression of NKG2A in
ex vivo generated NK cells is also reflected in flow cytometry data (Figure 4), which showed
elevated surface expression of the heterodimeric NKG2A/CD94 receptor when compared to
CD56dimPBNK cells, rather close to the level displayed by CD56bright cells.
Importantly, we further found that, with few exceptions, NKG2A+ NK cells generated in this
culture exhibited higher levels of most other NK cell receptors and cytotoxic molecules or
signalling molecules characteristic for NK cells when compared to NKG2A cells (Figure 3).
Thus it seems that NKG2A expression is connected to further m aturation of NK cells. The
num ber of NK cells with expression of the NKG2C receptor chain was to a large degree
donor-dependent, as also observed for PBNK cells36, but usually was present on 1 to 10 %
of the cells indicating that the activating NKG2C/CD94 receptor was normally expressed.
Ex vivo generated NK cells displayed a relatively high proportion of cells double-positive for
the NKG2A/CD94 and NKG2C/CD94 receptors, quite similar to CD56brlght cells (I.Karas and
E.Hofer, unpublished observation).
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It has been previously shown that the NKG2A/CD94 receptor is the major inhibitory
receptor on developing mouse NK cells18 and on mature cytotoxic hum an NK cells
differentiated ex vivo using a stromal feeder cell line17. In these studies NKG2A expression
was correlated with the acquisition of cytotoxic properties. This is in line with our observation
that NKG2A+ cells, com pared to NKG2A' cells, express not only m ore im portant NK cell
surface proteins, but also higher levels of cytotoxic molecules. In accordance, discrete stages of
hum an NK cell differentiation have also been found in vivo, and support the finding of a nonrandom acquisition of NK cell receptors, e.g. prior expression of the CD94 receptor chain is
followed by the acquisition of NK cell functions29. Studies on subpopulations of hum an PBNK
cells, which lack inhibitory receptors, found these cells to be immature and hypo-responsive37.
In this context our data emphasize the notion that for the majority of cells expression of
NKG2A/CD94 discriminates developmental stages during ex vivo NK cell differentiation. It is
however possible that a m inor portion of NK cells may mature following expression of other
inhibitory NK receptors.
The present study provides first insights and attempts to integrate ex vivo generated
NK cells within the established model of cytotoxic and cytokine-producing NK cell subsets.
Based on our data, the com parison of ex vivo differentiated NK cells with freshly isolated
CD56bnghl and CD56dlm PBNK does not allow complete classification of the generated cells to
either of these subpopulations. The CD56 expression is even higher than on CD56brighI PBNK
cells and NKp44 is also unusually high, corroborating that these proteins are upregulated
by cytokines and their high level may be determ ined by the cytokines used in the growth
medium. NKG2A is highly expressed at a level similar to CD56br‘6ht cells. Furthermore, CD 16
expression is rather low, again similar to the levels observed for CD56bright cells. However,
there is significant expression of KIR (Figure 4). Importantly, the gene expression profiling
highlighted a potentially mature repertoire of cytotoxic molecules expressed by the ex vivo
differentiated NK cells. By more closely examining the expression of perforin and various
granzymes by real-time RT-PCR we were able to show that the ex vivo generated NK cells,
similar to CD56dimPBNK cells, express higher levels of granzyme A, granzyme B and perforin,
and lower levels of granzyme K when compared to CD56brigbt PBNK cells38,39. Therefore, the ex
vivo generated NK cells exhibit most im portant functional prerequisites for strong cytotoxic
activity similar to CD56dim PBNK cells. In line with this, we observed that the killing capacity
of the ex vivo generated NK cells is at least equal to the activity of PBNK cells activated for
several days in differentiation medium containing 1000 U /m l IL-2 (Figure 5).
A second major function of NK cells is the production of inflammatory cytokines
and chemokines including IFN-y. Although this im m unoregulatory function has been
conventionally associated with the CD56bright subtype, a recent reevaluation has shown that
also CD56dlm cells can produce IFN-y especially at early time points of stimulation by IL-12
or target cell binding5. O ur evaluation of IFN-y mRNA and protein production in ex vivo NK
cells has shown that these cells, in contrast to PBNK cells, without further stimulation do not
produce detectable levels of IFN-y mRNA and protein. W hen treated with the physiological
stimulus IL-12 for 4 to 16 h significant am ounts of IFN-y mRNA were detected and a small
fraction of the cells produced IFN-y. This response remained always lower than for PBNK
cells preincubated in differentiation m edium and longer activation times appeared not to
further increase the response (data not shown). Full stimulation with PMA/ionomycin led to
IFN-y responses more comparable with PBNK cells dem onstrating that ex vivo NK cells are
principally prepared for IFN-y production and immunoregulatory function but this response
needs more robust activation than for PBNK.

Furthermore, antibody-based reagents are increasingly used in the therapy of leukemia
and other forms of cancer19,40. We were therefore interested to determine w hether ex vivo
generated NK cells would display ADCC towards leukemia cell targets in the presence of
Rituximab. Indeed, we observed that the low cytotoxic activity displayed against 721.221 and
Nalm-6 cells was strongly increased by Rituximab resulting in 60-70% lysis of these cells. This
shows that the small fraction of ex vivo generated NK cells with expression of CD 16 can be
efficiently activated by corresponding antibodies to kill antibody-binding target cells. These
cells should therefore display synergistic anti-tum or efficacy in combination with therapeutic
antibodies.
Collectively, these findings strengthen the potential therapeutic application of highly
cytotoxic NK cells generated ex vivo from CD34+ UCB cells. Clinical studies have already
revealed the principal potential of allogenic NK cells for adoptive cancer imm unotherapy21,41'43.
These prospects seem to be especially promising for treatm ent of certain leukemias, for which
haploidentical or close to haploidentical stem cell transplantation has been shown to be
effective. In this regard, our feeder cell-free ex vivo differentiation system provides large scale
yields by high expansion rates of hematopoietic stem cells derived from UCB, which can
be appropriately selected from available huge cord blood banks, and a highly pure NK cell
product with adequate receptor expression profiles and efficient killing properties comparable
to CD56dim PBNK cells. We propose that this system has great potential for exploitation in
adjuvant treatm ent of cancer.

Materials and Methods
Cells and cell lines
Adult peripheral blood (PB) was derived from the Austrian Red Cross Blood D onation Centre
or the Sanquin Blood Bank in the Netherlands. Hum an umbilical cord blood (UCB) samples
were obtained from the D epartm ent of Obstetrics and Gynecology, Medical University of
Vienna, or from the cord blood bank of the Radboud University Nijmegen Medical Center
(RUNMC, Nijmegen, The Netherlands). The studies, including procedures for cord blood
collection, have been approved by the ethical committees of the respective universities and
blood samples were obtained following an inform ed consent procedure. W ithin 6 h after
blood collection m ononuclear cells were isolated by density gradiënt centrifugation using
LSM 1077 Lymphocyte Separation Medium (PAA Laboratories GmbH, Graz, Austria).
K562 cells (LGC Standards, Wesel, Germany) were cultured in Iscove’s modified
Dulbecco’s m edium (IMDM; Life Technologies Corporation, Carlsbad CA). 721.221 and
Nalm-6 cells were a gift of Drs. M. Lopez-Botet (UPF, Barcelona) and R. Panzer-Grümayer
(CCRI, Vienna), respectively, and were grown in RPMI-1640 (Sigma-Aldrich, St.Louis, MO)
containing 50 U /m l penicillin, 50 |ig/ml streptomycin and 10% fetal calf serum (FCS; Integra,
Zaandam, The Netherlands).
Ex vivo expansion and differentiation o f CD34+ progenitor cells
UCB cells were labeled with CliniMACS CD34 reagent (Miltenyi Biotech GmbH, BergischGladbach, Germany) and CD34+ cells were selected by magnetic isolation (Miltenyi MACS
Separator) according instructions of the manufacturer. CD34+ cells were collected, cell
num ber and purity established by flow cytometry and the cells used for NK cell generation.
CD34+ UCB cells were transferred into culture plates and expanded and differentiated
according to culture m ethod III as described previously9. In short, CD34+cells were expanded
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for 10 days in GBGM® (Glycostem basal growth medium, Glycostem Therapeutics, Nijmegen,
The Netherlands) supplem ented with a high dose of the factors SCF (27 ng/ml, CellGenix,
Freiburg, Germany), IL-7, TPO (both 25 ng/ml, Stemcell Technologies, Grenoble, France),
Flt3L (25 ng/ml, CellGenix) and a low dose of the factors G-CSF (250 pg/ml), GM-CSF (10
pg/ml, both Stemcell Technologies) and IL-6 (50 pg/ml, CellGenix) as displayed in Figure IA.
Differentiation was induced by replacing TPO by IL-15 (20 ng/ml, CellGenix) on day 10 and
Flt3L by IL-2 (1000 U/ml, Chiron Corporation, Emeryville, CA) on day 14. During the first
14 days of culture low m olecular weight heparin (25 mg/ml, Abbott, Wiesbaden, Germany)
was included in the growth medium. Cells were grown up to a total of 29 to 35 days.
Purification and cultivation of PBNK cells
Adult peripheral blood NK cells (PBNK) were isolated from peripheral blood mononuclear
cells by negative m agnetic cell sorting via depletion of non-N K cells (NK cell selection kit,
Miltenyi Biotec, Bergisch-Gladbach, Germany) according to m anufacturer’s instructions. For
culture, PBNK cells were seeded at 1-2 x 106 cells per ml GBG M ’ m edium or differentiation
medium (GBGM® m edium supplemented as described for culture after 14 d in ex vivo
expansion and differentiation of CD34+ progenitor cells) in 12-well plates (Corning Costar®,
Sigma-Aldrich).
RNA preparation and cDNA synthesis
At least lxlO 5 cells were lysed with Trizol (Life Technologies Corporation) and stored at
-80°C. Total RNA was extracted according to the protocol provided by Invitrogen and 1 |ig
RNA was used to synthesize cDNA with H M inus M-MuLV reverse transcriptase, RNase
inhibitor, dNTPs and oligodT prim er (all from Fermentas, St.Leon-Rot, Germany) following
the m anufacturer's protocol.
Real-tim e RT-PCR analysis
Specific mRNA levels were m easured by real-time RT-PCR starting from 100 ng cDNA using
SYBR Green PCR M aster Mix and a 7300 Real-time PCR system (Applied Biosystems®, Life
Technologies Corporation). Values were norm alized to (3-actin mRNA as internal Standard
and analyzed with StepOne software v2.1 (Applied Biosystems®). Oligonucleotide primers
were designed using the Primer-BLAST software (http://www.ncbi.nlm.nih.gov/tools/primerblast/), except for prim ers of the CD94/NKG2 receptor family, which were taken from ref. 13.
All prim ers are listed in Supplementary Table S3.
Affymetrix m icroarray analysis
Labeled cDNA was prepared from total RNA, hybridized to GeneChip Human Gene l.OST
Arrays (Affymetrix, High Wycombe, UK) and scanned according to the m anufacturer’s
protocols (Affymetrix support site, www.affymetrix.com/support/index.affx)14. RMA (Robust
multiarray average) signal extraction and normalization were perform ed as described (http://
www.bioconductor.org/)15.

Flow cytom etry
Cell numbers and expression of cell surface markers were determined by flow cytometry. For
im munophenotypical staining, cells from ex vivo NK cell cultures, total mononuclear cells
from peripheral blood or negatively selected PBNK cells were used as indicated in Legends to
Figures. Cells were incubated with the appropriate concentration of antibodies for 30 min at
4°C. After washing, cells were resuspended in Coulter® Isoton® II Diluent and analyzed using
the Coulter FC500 flow cytometer (Beekman Coulter, Brea, CA). To determine the content of
CD34+ cells in the UCB and the purity of the selected CD34+ cells the following monoclonal
antibodies were used: CD45-FITC (J33) and CD34-PE (581) (both from Beekman Coulter).
The population of living CD34+ cells was determ ined by exclusion of 7AAD (Sigma-Aldrich)
positive cells. Analysis was perform ed according to the most recent ISHAGE protocol
(International Society for Hematotherapy and Graft Engineering).
The purity of cells obtained from the differentiation cultures was determined using the
following monoclonal antibodies (see also Supplementary Table S4): CD3-FITC (UCHT1)
(Beekman Coulter); CD56-PE (NCAM16-2) (BD Biosciences Pharmingen, San Diego, CA),
anti-CD45-ECD (J33) (Beekman Coulter). The population of living CD56+cells was delineated
by exclusion of 7AAD (Sigma-Aldrich) positive cells. Ten-color analysis was used to determ ine
the phenotype of ex vivo generated and PBNK cells. For this the following monoclonal
antibodies were used in appropriate concentration: CD16-FITC (NKP15), CD336(NKp44)PE (Z231), CD3-ECD (UCHT1), CD337(NKp30)-PC5.5 (Z25), CD335(NKp46)-PE-Cy7
(BAB281), CD314(NKG2D)-APC (ON72), CD244(2B4)-APC-Alexa700 (Cl.7.1), CD56APC-Alexa750 (N901), CD161-PB (191B8), NKG2A-PE (Z199), CD158a,h-PE (EB6.B),
CD158bl/b2-PE (GL183), CD158el/e2-PE (Z27), CD158i-PE (FES172), CD85j (HPF1.4) (all
provided by Beekman Coulter) and NKG2C-PE (134591) (R&D System, Minneapolis, MN).
The aequisition was perform ed on the Navios” flow cytometer and the data were further
analyzed using the Kaluza™ software (both from Beekman Coulter).
Measurements of intracellular IFN-y levels were perform ed as follows: Cells were
induced with IL-12 for 12 h or a combination of 50 ng/ml phorbol myristic acetate (PMA)
and 1 mM ionomycin (both from Sigma-Aldrich) for 2 h or left untreated. Then GolgiPlug™
was added for further 4 h. Flow cytometry was perform ed following permeabilization of the
cells using the Cytofix/Cytoderm Fixation/Permeabilization Kit and staining with the FITClabelled B27 IFN-y antibody (all from BD Biosciences Pharmingen, San Diego, CA) according
to the manual provided by the manufacturer. An isotype-matched control antibody of BD
Biosciences (MOPC-21) was used in 2-fold concentration of the IFN-y antibody to evaluate
specificity of staining.
Preparative cell sorting
In certain cases, cells from the differentiation cultures were sorted into CD14+, CD56+/
NKG2A+ and CD56+/NKG2A cells. For this purpose cells were stained with the following
monoclonal antibodies: anti-CD56-APC (clone NCAM16.2, BD Biosciences), anti-CD14FITC (clone TÜK4, Miltenyi Biotec) and anti-NKG2A-PE (clone Z199, Beekman Coulter). To
separate CD56bright and CD56dimcells from PBNK cells, cells were stained with the anti-CD56APC mAB. Incubation with the antibodies was usually for 1 h on ice followed by two washing
steps using PBS supplemented with 2 mM EDTA and 2% FCS. Fluorescence-associated cell
sorting (FACS) was perform ed on a FACSAria Cell Sorter (BD Biosciences) at the service
departm ent of the St. Anna Children 's Cancer Research Institute (CCRI), Vienna, Austria.
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Cytotoxicity assays
Ex vivo differentiated NK cells and PBNK cells were purified by negative magnetic cell
sorting as described under purification and cultivation of PBNK cells. NK cytotoxic activity
was measured in triplicates using the hum an chronic myeloid leukemia cell line K562 in an
Europium-release killing assay as described previously16. Briefly, target cells were labelled
with EuDTPA (europium diethylenetriaminopentaacetate), subsequently washed and 2 x 103
target cells were incubated for 4 h with NK effector cells at various effector to target (E:T)
ratios in RPMI-1640 without phenol red (PAA Laboratories) supplemented with 10% FCS.
Values for specific release of EuDTPA were determ ined using Delfia Enhancement Solution
(Perkin Elmer, Waltham, MA) via time-resolved fluorescence. Maximal EuDTPA release
was established by cell lysis with 1% Triton X-100. The specific cytotoxicity was calculated
as percent specific EuDTPA release = (Mean sample - Mean spontaneous release) / (Mean
maximal release - Mean spontaneous release) x 100.
Antibody-dependent cellular cytotoxicity (ADCC) against the hum an lymphoblastoid cell line
721.221 and the pre-B ALL cell line Nalm-6 were measured in triplicates using the Europiumrelease killing-assay. Following labelling of the target cells with EuDTPA cells were washed
and incubated with 10 (ig/ml Rituximab (Hoffmann-La Roche Ltd., Basel, Switzerland, kindly
provided by the pharm acy of the University Hospital Vienna, Austria) for 1 h at RT or left
untreated. After extensive washing 2 x 103 target cells were incubated for 4 h with purified
NK effector cells at an E:T ratio of 12:1. Specific cytotoxicity was measured and calculated as
described above.
Statistics
Results from experiments perform ed in triplicates are described as mean ± Standard deviation
of the mean (SD). Combined results from at least three individual experiments are shown
as mean ± Standard error of the mean (SEM). Statistical analysis was perform ed using the
Student's t-test. A p-value of <0.05 was considered as statistically significant.
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SUPPORTING INFORMATION
Supplementary Table Sl: Cumulative total cell numbers and percentages of
CD56 CD14', CD14+ and CD56+cells in ex vivo NK cell cultures
CD56CD14
cells (%)

CD14* cells (%)

CD56* cells (%

5.2 ± 1.6x107

59.66 ± 2.44

40.27 ± 2.47

0.07 ± 0.02

22

1.3 ± 0.5x108

73.88 ± 3.90

17.48 ±4.51

8.85 ± 3.50

27

2.6 ± 1.3x108

29.93 ± 5.59

11.91 ±4.20

58.61 ± 9.26

30

4.2 ±2.0x108

35

6.3 ± 4.0x108

2.76 ± 0.87

2.55 ± 2.09

94.79 ± 1.52

Day of
culture

Cumulative cell
number

0

1.6 ± 0.3x105

10

1.8 ± 0.7x107

15

Total cell numbers and percentages o f CD56 CD14, CD14+ and CD56+ cells
+/- SEM as calculated fo r different time points offour independent cultures of
ex vivo N K cells are displayed.

Supplem entary Table S2 \ CD34+cord blood cells were expanded fo r 10 days and differentiation

initiated as described in the methods section. Cells were collected at several time points betweenlO
and 35 days o f culture, total RNA was isolated and subjected to Affymetrix microarray analysis.
Changes in gene expression fo r all time points are displayed as fold induction relative to day 10
o f culture. Genes are listed according to decreasing induction rates. Genes listed several times in
the original Affimetrix array data set are only given once using their highest value.
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mRNA

Gene

Gene
Description

Day 1 5 / D a y 1 7 / Day 20 /

Accession

Symbol

Day 10

Day 10

Day 10

NM_002259

KLRC1

killer cell lectin-like receptor subfamily C. member 1 / NKG2A

1,15

1.47

2.80

NM_002104

GZMK

granzyme K (granzyme 3; tryptase II)

0,99

0,99

1,21

NM_002258

KLRB1

killer cell lectin-like receptor subfamily B. member 1 / CD161. NKR-P1

0,88

1.21

1,69

NM_000878

IL2RB

interleukin 2 receptor, beta

1,10

1,02

1,51

NM_013431

KLRC4

killer cell lectin-like receptor subfamily C. member 4 / NKG2F

0.73

1,60

1.66

NM_006144

GZMA

granzym e A (granzyme 1, cytotoxic T-lymphocyte-associated serine
esterase 3)

0,73

0,89

1,63

NM_002261

KLRC3

killer cell lectin-like receptor subfamily C. member 3 / NKG2E

0.98

0.97

1.70

NM_007360

KLRK1

killer cell lectin-like receptor subfamily K, m ember 1 / NKG2D, CD314

0,65

1,42

1,93

NM 002988

CCL18

chemokine (C-C motif) ligand 18 (pulmonary and activation-regulated)

4.45

10.68

20,42

NM_002262

KLRD1

killer cell lectin-like receptor subfam ily D, m ember 1 / CD94

0,97

0,95

1,92

NM _002255

KIR2DL4

killer cell immunoglobulin-like receptor, two domains. long cytoplasmic
tail. 4

0.86

1.18

1.44

NM_198196

CD96

CD96 molecule

0,91

1,13

1,40

NM_181351

NCAM1

neural cell adhesion molecule 1 / CD56

1.47

1.03

1.43

NM_005739

RASGRP1

RAS guanyl releasing protein 1 (calcium and DAG-regulated)

1,37

1,89

1,90

NM_012483

GNLY

granulysin

1.02

1.15

1.29

NM_000733

CD3E

CD3e molecule, epsilon (CD3-TCR complex)

1,02

0,89

1,49

NM_005041

PRF1

perforin 1 (pore forming protein)

1.28

1.16

1.69

NM_014511

KIR2DL3

killer cell immunoglobulin-like receptor, two domains, long cytoplasmic
tail, 3

0,45

0,96

1,79

NM_053282

SH2D1B

SH2 domain containing 1B

1.68

1.55

1.04

NM_000953

PTGDR

prostaglandin D2 receptor (DP)

1,51

1,03

1,53

NM_002984

CCL4

chemokine (C-C motif) ligand 4

2,13

2.66

2.00

NM_002260

KLRC2

killer cell lectin-like receptor subfam ily C, m ember 2 / NKG2C

0,82

0,69

1,28

NM 005546

ITK

IL2-inducible T-cell kinase

1,02

1.46

1.74

NM 001017373

SAMD3

sterile alpha motif domain containing 3

0,71

0,89

0,93

GZMB

granzyme B (granzyme 2. cytotoxic T-lymphocyte-associated serine
esterase 1)

1.15

2.89

2,12

NM_004131

Supplementary Table S3. List of Primers used for realtime RT-PCR analysis.
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Supplementary Table S4. M onoclonal antibodies used for flow cytometry analysis.

CD number

Alternative name

Fluoro
chrome

Clone

Vendor

CD16

FCGR3A

FITC, PE

NKP15

BD

Cat. No

Titratio

335035,
1:25
555407
CD336

NKp44

CD3

PE

Z231

BC

IM3710

1:10

ECD

UCHT1

BC

A07748

1:25

CD314

NKG2D

APC

ON72

BC

A22329

1:10

CD85j

ILT-2

PE-Cy5.5

HPF1.4

BC

Custom

1:25

CD159C

NKG2C

PE

134522

R&D

FAB138P

1:10

FITC

581

BC

IM1870

1:10

APCAF700

C1.7.1

BC

Custom

1:10

CD34
CD244

2B4

Custom made,
IM3291,
CD159a

NKG2A

PE-Cy5.5,
PE, APC

Z199.1.10

BC

CD56

NCAM

APCAF750

N901

BC

Custom

1:10

CD56

NCAM

NCAM 16.2

BD

341027

1:25

A60797

1:25

FITC
APC
CD161

KLRB1/CLEC5B

PB

191B8

BC

Custom

1:10

CD158

KIR

FITC

180704

R&D

FAB1848F

1:25

CD158b

KIR2DL2/DL3/DS2

PE-Cy7

GL183

BC

A66901

1:25

CD158e1

KIR3DL1/DS1

APC

Z27.3.7

BC

A60795

1:25

CD158a

KIR2DL1/DS1

APCAF700

EB6.B.3.1.1

BC

Custom

1:25

CD45

KO

J33

BC

A96416

1:10

CD94

PB, FITC

HP3B1

BC

Custom made

1:50

CD14

FITC

TÜK4

Miltenyi

130-080-701

1:50

FITC

B27

BD

554700

1:50

IFN-y

uninduced

IL-12

PMA/ionomycin

0 1
0 99

PBNK
!ySj|

PBNK+
diff.m ed.

% ;v.

£
ll-

e.v. diff. NK

CD56

*

Supplem entary Figure 1 \ Flow cytometry analysis o f intracellular IFN-y production. Ex vivo
generated N K cells or PBNK cells kept in basal or differentiation GBGM® medium fo r 24 h
were induced with IL12 or a combination ofP M A and ionomycin fo r 16 h or 6h, respectively,
or left untreated. GolgiPlugTM was added the last 4 h ofincubation before analysis. Then cells
were permealized and stainedfor intracellular IFN-y. The dot blot analyses fo r one sample
o f ex vivo generated N K cells and one sample o f PB N K cells exemplary of three different
individuals analyzed is shown. Gates were set on samples stained with an isotype-matched
control antibody.
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EX VIVO HUMAN
Manuscript in preparation | Early NK cell differentiation stages during ex vivo
NK cell development highly correlate with their natural counterparts in vivo
Jan Spanholtz, Marleen Tordoir, Diana N. Eissens, Bram Cranenbroek, Arnold van
der Meer, Jaap Kwekkeboom, Irma Joosten, Frank W.M.B. Preijers, and Harry
Dolstra

Abstract
NK cells arise from hematopoietic stem and progenitor cells within the bone marrow (BM),
whereafter they further differentiate and mature in secondary lymphoid organs and/or
peripheral tissues. Ex vivo NK cell generation protocols have been developed to generate NK
cells for clinical applications. However, it is still unclear how these cells arise ex vivo from
CD34+cells and whether there is a relationship to in vivo NK cell development. Here, we made
use of a 10-color flow cytom etry (FCM) approach to compare hum an NK cell developmental
stages ex vivo and in vivo. Previously, we redefined the classical NK cell development into
seven distinct stages based on the expression of CD34, CD 117, CD56 and CD94. Further
sub-classifkation of these stages was mainly enabled by the expression of CD244 and
CD33. Using the same 10-color FCM panel, we analyzed cells generated by our ex vivo NK
cell generation system for the composition of NK cell developmental stages at various time
points. We were able to identify substantial am ounts of all of the seven developmental stages
previously defined in hum an tissues. Due to more detailed investigation of these redefined
stages, we identified novel subsets by using the additional markers CD 133, CD244, CD33
and CD 159a. We identified novel specific subpopulations, which highly correlate with their
natural counterparts in various hum an tissues. Collectively, these studies show, that NK cell
development can be highly mimicked by an ex vivo feeder free cell culture process.

Introduction
Mature NK cells are characterized as CD3 CD56+ lymphocytes that can recognize and
subsequently kill virus-infected and transform ed cells through the balance of signals from
inhibitory and activating receptors1. NK cells originate from hematopoietic stem cells (HSCs),
and the bone m arrow (BM) is generally considered as the prim ary site for hum an NK cell
development. In addition to BM, peripheral blood (PB) and cord blood (CB), NK cells
and their progenitors are also present in lymphoid organs such as spleen, liver and lymph
nodes and can be found in the lungs, gut and various other tissues (reviewed in 2). Stem cell
differentiation and progenitor cell development is mainly cytokine dependent, and factors
like stem cell factor (SCF), fms-like tyrosine kinase 3-Ligand (Flt3-L), throm bopoietin (TPO)
and interleukin-7 (IL-7) have shown to skew hematopoietic progenitor cells (HPCs) into the
NK cell lineage3'8. However, NK cell differentiation from their progenitors requires IL-15 and
IL-2 to force NK cell differentiation 9.
Several NK cell progenitors have been identified in the pool of CD34+ HSCs and HPCs.
Initially NK cells were thought to develop from a bipotent progenitor for T and NK cells10, and
several surface markers expressed within T cell differentiation are also expressed on NK cell
progenitors including CD711, CD12212, CD16113, integrin (37 and CD45RAhlgh 14. Furthermore,
CD34+CD38 CD7+ cells were found to be the most primitive lymphoid precursor cells that
give rise to NK cells, B cells and T cells, but not granulocytic, monocytic or erythroid cells15.
However, also myeloid-like CD14+CD1 lb +CD13+CD33+ cells8 or CD56 CD117+M-CSFR+
cells6 were found recently to be able to differentiate into mature and functional NK cells using
Flt3-L and IL-15 or in combination with stromal cells. Therefore, it is still unclear how the
generation and differentiation of NK cell is exactly regulated and how lymphoid or myeloid
origin and disposition of NK cells could be enlightened.
In order to study early NK cell development, we recently developed an efficient stromal
cell-free ex vivo NK cell generation system based on the use of heparin and cytokine mixtures3,
16. Furtherm ore, we developed a 10-color MoAb panel including the combination of antigens
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CD34, CD 117, CD56 and CD94 as a backbone, and validated this panel by analyzing human
NK cell development in vivo within BM and secondary lymphoid tissues (SLT)17. In addition,
we added CD45 to gate on lymphocytes and CD3 to divide CD45+ lymphocytes into a T cell
positive and negative population. Furtherm ore, we added the stem cell marker CD 133, and
CD244 (2B4) that binds to progenitor cells as well as mature NK cells18'20. Finally, we included
CD33 as a m arker for myeloid lineage development and CD 159a that is thought to be the first
appearing inhibitory receptor on NK cells during development, which binds to HLA-E.
Analyzing ex vivo NK cell developmetal stages, using this polychromatic 10-color MoAb
panel, we were able to extend the classical model ofN K cell developmental stages12 including
the multi-lineage stages 1 (CD34+C D 117 CD56 CD94 ) and 2 (CD34+CD117+CD56'CD94 )
as well as the more com m itted NK cell stages 3 (CD34'CD117+CD56Y+C D 94) and stage 4
(CD34'CD117+/‘CD56+CD94+). Also, within the more committed stages we were able to
phenotypically discrim inate the com m itted stages 3a and 3b as well as 5a and 5b17. Interestingly,
by using the additional antigens CD133, CD244, CD33 and CD159a, novel subsets within
these developmental stages could be distinguished. Finally, we studied the relationship of ex
vivo developmental subsets and their natural counterparts in various hum an tissues, like BM,
CB, PB, SPL and LNs.

Results
Definition of seven developmental stages during ex vivo human
NK cell development from CB CD34+ cells
In order to study hum an NK cell development, we used our established ex vivo cell culture
system using enriched CD34+ cells from CB3,16. In a first step, we expanded the pool of CD34+
cells for 10 days followed by a differentiation step inducing expanded progenitors to develop
and mature into the NK cell lineage. To precisely follow the NK cell differentiation process,
we established a 10-color MoAb panel using antibodies directed against different antigens
on HSCs and HPCs as well as NK cells17. A gating strategy was designed in order to get an
overview of the distinct NK cell developmental stages using limited num ber of plots (Figure
1). As backbone markers we used CD34, CD117, CD56 and CD94 as previously described14.
After each week during the culture process, cells were gated on the CD45VCD3' cell population
within the CD45VSS* gated cells. Subsequently, cell subsets were first analyzed in the C D 117/
CD34 plot to identify different m aturation patterns of early (CD34+/C D 1 17 ) and more mature
HPCs (CD34+/CD117+) (Figure 1). From there, each subset was analyzed for CD56 and CD94
expression to identify the seven distinctive developmental stages that we previously defined in
hum an BM17: i.e. stage 1 (CD34+CD117 CD56 C D 9 4 ), stage 2 (CD34+CD117+CD56 CD94 ),
stage 3a (CD34 CD117+CD56 CD94 ), stage 3b (CD34‘CD117+CD56+CD94~), stage 4 (CD34'
CD 117+CD56+CD94+), stage 5a (CD34 C D 117 CD56+CD94+) and stage 5b (CD34CD117CD56+CD94') (see Figure IA and 1B; Supplementary Table 1). This novel 10-color MoAb
panel and gating strategy was used as analytical tooi to compare ex vivo NK cell development
in our culture system with in vivo NK cell development in BM, PB and SLT.
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Figure 1 \ Identification ofseven N K cell developmental stages during ex vivo cultures
Based on the stages defined in supplementary table 1, seven different N K cell developmental
stages were detected during our ex vivo N K developmental process. One representative example
(n=4) is shown. A: Stages l-3a could be characterized after 1 week o f culture. B: Stages 3b-5b
were defined after 4 weeks o f culture. Cells were gated on the CD45+CD3' population within
CD45*/SS gated cells to exclude T cells and endothelial cells from analysis. Initially, cell stages
were divided based on the expression o f CD34 and CD117. From there, each subset was analyzed
fo r CD56 and CD94 expression, leading to the identification o f seven N K cell developmental
stages: 1, 2, 3a, 3b, 4, 5a, 5b. All cells, that could not be characterized for a specific stage were
defined as “stage negative”.

145 I 146

A
□ Stage 1

□ Stage 2

■ Stage 3a

■ Stage 4

□ Stage 5a

□ Stage 5b

i Stage 3b
Stage negative

100%

80%

40%

20%

'n

0%

week of culture

B
• CD14+

CD15+

-C D 56+

•CD14-/CD15-/CD56-

100
80

Jïï

60

E
«

40

o
20

-

3

4

week of culture
CHAPTER

06
Figure 2 \ Heterogeneous composition o f stages and cell populations during ex vivo N K cell
differentiation
The process o f ex vivo N K cell generation was followed during 5 weeks o f culture. A: Stages l-5b
were defined by their backbone antigens CD34, CD 117, CD56 and CD94. The changes fo u n d in
N K cell developmental stages during a 5-week period ofN K cell development are shown. Further
development o f stage negative cells was investigated during N K cell maturation at week 2-5. B:
CD14 and CD 15 positive cells were detected at the end o f the expansion (week 2) ofan enriched
CD34+ cell population. The percentages o f CD 14* and CD 15+ cells were investigated during 3
weeks o f differentiation and correlated to the outgrowth of CD56+ cells.

Ex vivo expansion o f uncommitted CD34 CD117+ stage 3a cells is followed by a subsequent
differentiation into committed CD56+ NK cell stages
Next, we analyzed subset distribution after each week within the NK cell generation cultures
from 4 different CB units using the established 10-color FCM panel (Figure 2). The enriched
CD34+ CB fraction contained mainly (81.6 % ± 5.7%) stage 2 cells, but also 6.4% ± 1.3% stage
1 cells. Additionally, stage-negative cells appeared that could not be categorized by CD34,
CD 117, CD56 and CD94, while stage 3a cells were hardly detected. One week after ex vivo
expansion, the developmental stages 1,2 and 3a were clearly present (Figures 1A and 2). While
the percentage of stage 2 cells was substantially reduced, more than 40% of the cells already
showed a stage 3a phenotype and also the population of stage-negative cells was increased.
After two weeks of culture, the proportion of stage 1, 2 and 3a cells declined, whereas stagenegative cells further increased. Three weeks after initiating the cultures, we were able to
detect the first com m itted stages of NK cell development. While a population of 14.2% ±
1.2% CD56 stage 3a cells could still be detected, a significant proportion of the cells showed
a more mature phenotype and was differentiated into CD56+ stage 3b (7.9% ± 5.3%), stage 4
(19.6% ± 10.7%) and stage 5a (4.4% ± 4.0%) (Figure 1B and 2). At week three, stage 5b cells
were hardly detected and the proportion of stage-negative cells was decreased. After week
four, hardly any stage 3a cells were left and the population of mainly stage 4 and 5a cells was
increased. Additionally, the proportion of stage-negative cells was further reduced. Finally,
at week five of culture, m ature NK cell stages 4, 5a and 5b cells were predominantly present,
while the stage-negative cells had nearly disappeared. These data demonstrate that similar NK
cell developmental stages could be identified during our ex vivo NK cell generation bioprocess
as those that have been previously identified in hum an BM, PB and SLT 17.
Co-development o f NK and myeloid progenitor cells
during ex vivo expansion and differentiation of CD 341CB cells
D uring the expansion phase in the first two weeks, we observed concomitant amplification
of CD34 CD117+ stage 3a and stage-negative cells, while the proportion of CD34+ stage 1 and
2 cells decreased. Since co-development of myeloid cells might promote NK progenitor cell
differentiation in our culture system, we further defined the stage-negative cell population in
more detail. Therefore, we determined the proportion of CD14+ and/or CD15+ cells during
the NK cell differentiation phase from week two onwards (Figure 2B). At two weeks, the
cultures consisted of 75% ± 9% stage-negative cells containing 38% ± 6% CD14+, 22% ± 6%
CD15+ and 52% ± 8% CD14 CD15 CD56' cells. While the proportion of CD14+ cells declined
gradually during NK differentiation, the percentage of CD15+ cells still increased between
weeks two and three. As soon as the CD56+ stage 3,4 and 5 NK cell subsets started to develop,
both CD14+ and CD15+ myeloid cells declined and nearly disappeared at week five of culture.
In parallel, we determ ined whether the outgrowth of CD14+ and/or CD15+ myeloid
cells was related to the presence of myeloid progenitor cells during the culture procedure.
Therefore, we perform ed CFU assays in order to study changes in the composition of the
progenitor repertoire of the myeloid lineages. Overall, there was a significant increase (163
± 130 fold; p<0.01) in the total CFU num ber after one week of expansion (Figure 3A). After
the second week of culture there was an additional 3 fold increase (p<0.05) resulting in a
total expansion of 412 ± 289 fold, which further expanded by nearly two fold towards 743
± 397 fold after the third week of culture. Thereafter, the pool of myeloid progenitors stayed
stable in numbers during the last two weeks of NK cell differentiation. However, there was a
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Figure 3 \ Analysis o f myeloid progenitors during N K cell development
The NK cell differentiation cultures were studied during a period o f 5 weeks by testingfor the
existences o f myeloid progenitor cells. A t certain time points, cell samples from week 0 to 5 were
analyzed by methylcellulose based progenitor assays (CFU-GEMM). A: The total increase in
myeloid colony form ing cells (CFU) was measured and calculated. B: The nature o f the specific
progenitors was analyzed by specific lineage readout fo r the most primitive progenitor CFUGEMM (colony form ing unit o f granulocytes, erythrocytes, monocytes and megakaryocytes)
foïlowed by CFU-GM (granulocytes and monocytes). Further colonies were discriminated for
CFU-G (granulocytes), CFU-M (macrophages) and the erythroid lineages BFU-E and CFU-E.
The inner circle represents the proportion o fa specific lineage o f the total myeloid progenitor pool
at day 0 (week 0). The subsequent circles heading to the outside o f the graph represent culture
time points week 1 to week 5.

06

clear decrease in the colony size for the CFUs detected indicating a loss in potency (data not
shown).
Next to the total CFU numbers, we analyzed the lineage commitment of the expanding
myeloid progenitor cells (Figure 3B). Com pared to the CD34+ starting population, we
detected the same proportion of primitive CFU-GEMM after one week of expansion, but
this disappeared rapidly after initiating differentiation at day 10 and could not be detected
after three weeks of culture. In agreement, also the erythroid lineage CFU-E and BFU-E
progenitors expanded in the first week of culture, where after the frequency declined during
the NK cell differentiation process. Most expansion and persistence was seen for CFU-G,
CFU-M and CFU-GM colonies. These monocyte and granulocyte progenitors could be
detected throughout the whole cell culture process, but in the end they diminished in colony
size (data not shown). At five weeks of culture, around 75% of the myeloid progenitors were
CFU-G, about 20% CFU-M and 5% CFU-GM, which reflects the differentiation kinetics of
CD14+ and CD15+ cells in the cultures.
Collectively, these data demonstrate that myeloid and NK cell progenitors are
concomitantly expanded in our CD34+-CB cell culture system. Furthermore, during the
differentiation phase, CD56+NK cell subsets are differentiated concomitantly with CD 14+and/
or CD15+ myeloid cells, that may play an im portant role in the ex vivo NK cell differentiation,
m aturation and licensing process.
CD244 and CD33 define new subsets w ithin classical
NK cell developm ental stages
Recently, myeloid-like CD14+C D llb +CD13+CD33+ cells8 or CD56CD117+M-CSFR+ cells6
have been reported to be capable of differentiating ex vivo into functional CD56+ NK cells.
These findings suggest the existence of m ulti-potent progenitors that are able to generate
both myeloid and NK cell progeny (Figure 4). In order to characterize immature NK cell
development during the culture bioprocess in more detail, we introduced CD133, CD33,
CD159a (NKG2A) and CD244 (2B4) in the 10-color panel 17. As described previously,
stages were num bered from 1-5, including the new stages 3a,b and 5a,b. Next, we defined
new subsets by introducing the additional antigens and coded them with a letter from A
to P (Supplementary Table 2). A combination of stages and subsets was defined as new
subpopulation and named by a combined num ber-letter code.
To identify which of these new subsets are present during the ex vivo NK cell generation
process, we analyzed the previously redefined stages 1-5b for their expression of CD 133,
CD244, CD33 and CD 159a. Interestingly, we were able to detect 10 of the 16 subsets
distributed over all seven NK cell developmental stages (Table 1) during the whole culture
period. Overall, totally 28 subpopulations, related to stage and subset, could be identified,
showing that 25% may exist out of all 112 theoretical options (Figure 5A and B).
Generally, in the enriched CD34+UCB cell fraction mainly subset E was found in CD34+
stages 1 and 2, which is defined by the co-expression of CD133+CD244+CD33+ and lack of
CD 159a. Upon directed expansion, CD 133 expression is decreased and the corresponding
CD133 CD244+CD33+CD159a subset K could be detected in stage l-3a cells. After two weeks
of culture, only stage 3a cells could be detected with subset K as the main subpopulation (27.0
% ± 8.6%; see Table 1, Figure 5A).
D uring differentiation starting from week 2 onwards, subset K still remained the most
prom inent subset during 3 week of differentiation within both stage 3a and 3b cells (Figure
5B). Moreover, upon maturation during week 3 through 5, NK cell stages 4-5a arise and here

149 | 150

mainly subsets B and J were detected due to their expression of CD 159a, while differentially
expressing CD33. CD33-negative subsets J and M where mainly found in NK cell stages 4 and
5a after 4 to 5 weeks of culture.
In summary, we showed that CD244 (2B4) is expressed in 21 out of 28 specific subsets
during the whole NK cell developmental pathway. In contrast, CD34+ cells lose CD133 early
in the expansion phase and CD33 is decreased in later subsets during NK cell m aturation (i.e.
stage 4 and 5a cells). These data nicely show that NK development from early progenitors
towards mature NK cells contains novel subsets as defined in our ex vivo culture system.

B cells

NKTB(CLP)

T cells

NK cells
M EN KTB(HSC)

|

Megakaryocytes/
Platelets

ME(CMP)
Erythrocytes

Figure 4 \ A hypothetical schematic view on cell fate decisions made during hematopoiesis.
The classical view on lineage commitment from a hematopoietic stem cell (HSC) via common
myeloid (CMP) and common lymphoid (CLP) progenitor is indicated by the black arrows,
showing the directions o f the differentiation steps. The scheme further summarizes current
views on hematopoietic differentiation combined with our own experimental data and
interpretation thereof as indicated by the red dashed arrows. According to current trends of
looking at hematopoiesis, the strict grouping in myeloid and lymphoid lineage is replaced by
naming progenitors by their differentiation potential. Therefore the following categories were
made: E = progenitor potential fo r erythroid cells; M = progenitor potential fo r myeloid cells
including megakaryocytes, platelets, granulocytes, monocytes, macrophages and dendritic cells;
N K = progenitor potential fo r NK cells; T = progenitor potential fo r T cells and B = progenitor
potential fo r B cells. A multi-potent HSC is referred to MENKTB cell potential, which can selfrenew or develop into more specialized progenitor cells for the myeloid-erythroid lineage (ME),
the M ENK progenitor with myeloid-erythroid and N K lineage potential or in another multipotent progenitor MNKTB, which could further differentiate into a myeloid (MNK) or T, B-cell
precursor (NKTB) which both retain N K cell potential. These progenitor cells could give rise to
more specialized precursors and later differentiate into all types o f mature blood cells.
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Table 1: Characterization o f developmental subsets o f discrete stages in human tissues
and during ex vivo NK cell generation
Stage

1

Subset

CD133

CD34

CD117

CD244

CD33

CD56

CD94

CD 159a

L

+

+

-

-

-

-

-

-

F

+

+

-

+

-

-

-

-

E

+

+

-

+

+

-

-

-

K

-

+

-

+

+

-

-

-

P

-

+

-

-

-

-

-

-

L

+

+

+

-

-

-

-

-

+

+

+

-

-

-

-

_

F

G

+

+

+

_

+

.

E

+

+

+

+

+

-

-

-

K

-

+

+

+

+

-

-

-

N

-

+

+

*

+

-

-

-

E

+

-

+

+

+

-

-

-

K

-

-

+

+

+

-

-

-

M

-

-

+

+

-

-

-

-

N

-

-

+

-

+

-

-

-

P

-

-

+

-

-

-

-

-

K

-

-

+

+

+

+

-

-

M

.

_

+

+

_

+

_

_

J

-

-

+

+

-

+

-

+

B

-

-

+

+

+

+

-

+

K

-

-

+

+

+

+

+

-

M

.

.

+

+

_

+

+

_

J

-

-

+

+

-

+

+

+

B

-

-

+

+

+

+

+

+

J

_

.

_

+

_

+

+

+

-

-

+

+

+

+

+

_

2

3a

3b

4

5a
B
K

_

_

_

+

+

+

_

M

-

-

-

+

-

+

-

5b
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4

Table 1 \ A 10-color FCM panel o f CD133, CD34, CD117, CD244, CD33, CD56, CD94,
CD 159a, CD45, CD3 was used to d efne 7 stages and 10 subsets during N K cell development.
Combinations o f stages and subsets are further referred as subpopulations. N K cell development
and immature N K cells are defined as a discrete set o f stages (l-5b) and a combination o f a
distinct stage and a specific subset (L, F, G, E, M, N, K, J, B, P) or combination o f subsets and/
or a combination o f stages and subsets. First all CD45+/CD3' cells were identified and further
analyzed according to their antigen expression. The stages are characterized by the expression
o f CD34, CD 117, CD56 and CD94 as shown in figure 1 A+B. The subsets o f defined stages
are characterized by the expression ofCD133, CD244, CD33 and CD159a. The classification is
further defined as follows: Stage 1: CD34+/CD117'ICD56'/CD94 (not committed to NK); Stage
2: CD34*/CD117*/CD56'/ CD94' (not committed to NK); Stage 3a: CD34 /CD117+/C D 56/
CD94' (committed to NK); Stage 3b: CD34 /CD117*/CD56+/CD94 (committed to NK); Stage
4: CD34'/CD117*1CD56*/CD94+ (committed to NK); Stage 5a: CD34 /CD117/CD56+/CD94+
(committed to NK); Stage 5b: CD34~/CD117/CD56+/CD94 (committed to NK).
Subset L is defined as CD133+/CD244 /CD33 /CD159a ; F: CD133*/CD244+/CD33 /CD159a~;
G: CD133+/CD244/CD33+/CD159a-; E: CD133+/CD244+/CD33+/CD159a ; M: CD133/
CD244+/CD33 /C D 1 5 9 a K : CD133 /CD244+/CD33+/CD159a-; N: CD133VCD244 /CD33+/
CD 159a ; J: CD133 /CD244+/CD33 /CD159a+; J: CD133-/CD244+/CD33VCD159a+; B: CD133 /
CD244*/CD33+/CD159a*; P: CD133 /CD244 /CD33 /CD159a-

Ex vivo derived NK cell developmental subpopulations
highly correlate with their natural in vivo counterparts
After establishing the close relationship of ex vivo NK cell development in relation with the
previously described secondary lymphoid tissues and identified novel subsets, we intended
to find correlations of the newly defined subsets with the in vivo situation. Therefore, we first
investigated the presence of the new subsets in prim ary hum an tissues like BM, CB, PB, spleen
(SPL) and lymph nodes (L N )17. As BM is the prim ary site for hematopoietic development in
adults, we initially compared our ex vz'vo-derived subsets with those identified in BM (Figure
6). Generally, we found 11 of 34 total subpopulations overlapping w ithin the ex vivo cultures
and in vivo BM aspirates looking at all stages and the whole culture period. Specifically, it
was found that the early developmental stages (i.e. stages 1 to 3a) revealed a complex pattern
of seven subpopulations. Later, during NK cell differentiation, stages 3b-5b showed less
complexity by comprising only 4 or 3 different subpopulations per stage.
During the expansion phase, we found that stage 1 and 2 cells were held in common with
BM, whereas stage 1 cells could only be reliably detected in enriched CD34+ cells from CB 17.
D uring the first week of expansion of CD34+cells, BM and CB cultures shared a central subset
E (CD133+CD244+CD33+CD159a ) in stage 2, whereas CB exclusively had subset K (CD133
CD244+CD33+CD159a ), which was not found in BM stage 1 and 2 cells. Next, more NK cell
lineage comm itted stage 3a cells were found in BM, and during ex vivo NK cell generation
after 1-2 weeks of culture. Here, BM and ex vivo cultures shared the central subset K for 3
weeks of culture.
During the NK cell differentiation phase, stage 3b-5b cells appeared in the cultures from
week 3 through 5. BM and NK cell cultures shared the central subset K within stage 3b during
3 weeks of NK cell differentiation. Upon further maturation, stage 3b cells acquired CD94 and
transited into stage 4 cells. Now, subsets such as B and J defined by differential expression of
CD33 and CD 159a were identified in BM and CB cultures. Subsets B (CD159a+CD33+) and J
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Figure 5 \ Characterization o f developmental subsets during N K cell development
The new N K cell developmental subsets were classified as described in supplemental table 2 with
a letter code A-P within the redefined 7 different stages. Cells were gated on the CD45+CD3'
population within CD45*/SS gated cells to exclude T cells and endothelial cells from analysis.
Further stages were defined as described in figure 1. The percentages ofpositive cells per donor
and subset are shown at specific time points during culture (weekO - week 5). The appearance of
all identified subsets per week and per donor (n=4) is shown in detail. A: Identification o f early
subsets as defined by CD133, CD244, CD33 and CD159a during the expansion phase of NK
cell generation cultures within stages l-3a. B: Characterization o fN K cell related subsets within
stages 3a-5b during the differentiation phase o f the N K cell generation process.
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(CD159a+C D 33) represent central subpopulations within BM and during 3 weeks of NK cell
differentiation. More m ature NK cells at stage 5a were found in BM and during ex vivo NK cell
generation at week 3 through 5. Finally, stage 5b cells were found to be present in BM and late
during ex vivo NK cell generation at week 5. Here, CD159a- subsets K and M remain common
between BM and ex vivo CB cultures and differ in their expression of CD33. Additionally,
we see overlap of ex vivo CB cultures with other tissues, if we compare our defined ex vivogenerated subpopulations with various others tissues like PB, CB, SPL and LNs (summarized
in Supplementary Figures 1 to 5).
Altogether, these data suggest that we direct NK cell development during the expansion
phase towards CD34/CD133-negative NK cell committed precursors as found within stage
3a. Next, during differentiation we detected a very specific outgrowth of NK cells with a
com position of mature subsets as described in stages 4-5b, which are closely related to their
natural counterparts as displayed within several tissues 17.

Discussion
It is commonly accepted, that NK cells develop in the BM and thymus and further mature
in secondary lymphoid tissues like lymph nodes, tonsils and spleen. Upon m aturation
NK cells will enter mainly the blood and other organs or tissues to exert their cytolytic
and immunoregulatory functions. However, detailed knowledge about hum an NK cell
development is still missing. As reported recently, we developed a stroma free cell culture
system based on a combination of cytokines and heparin 3. This system is able to generate
highly pure and functional NK cells. However, it was still unclear w hether we could find
similar NK cell developmental stages in our culture system as were detected in hum an bone
m arrow and secondary lymphoid tissues. Therefore, we developed a 10-color FCM panel in
order to study hum an NK cell developmental stages and to identify novel developmental
subsets17,23. We used a similar methodology as reported by Freud et al.14 to define seven NK
cell developmental stages based on expression profiles of CD34, CD 117, CD56 and CD94.
These stages have been further specified by the expression profiles of CD 133, CD33, CD244
and NKG2 A, showing that NK cell development is accompanied by early expression of CD244
and that there is a diverse distribution of the NK cell developmental stages among different
hum an tissues 17.
Remarkably, during the NK cell generation bioprocess we found evidence for all
developmental stages previously identified in prim ary and secondary lymphoid tissues.
D uring the expansion phase we detected a shift from the non-N K cell restricted progenitor
stages 1 and 2 towards the more NK com m itted stage 3 (i.e. 3a). Upon initiating NK cell
differentiation and m aturation, induced by adding IL-15 at day 10 and IL-2 at day 14, we
observed a robust outgrowth of m ature NK cell subsets indicated by stages 3b-5b. We reported
previously that this m ixture of NK cells from distinct developmental stages exerts a strong
cytotoxicity against AML cell lines and prim ary AML blasts 3. Introducing the additional
antigens in our 10-color FCM panel, we detected a quite diverse distribution of 4 to 6 different
subsets in the early cell stages 1, 2 and 3a. However, the hierarchy appears to become less
complex as NK cells start to differentiate and mature. Upon forcing NK cell differentiation
and maturation, only 1 to 4 different additional subsets could be detected within the stages
3b, 4 and 5a. The m ost striking antigens, discrim inating between tissues and ex vivo cultures,
were CD244 and CD33 as expressed in subsets E and K. In stages 1 and 2 these subsets show
mainly co-expression with CD133, which is separating subset E from K. In addition, during
differentiation of NK cells the expression of CD244 and CD33 manifests itself in subsets B
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Stage 2

Stage 1

Stage 3a

Stage 4
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Stage 3b

Stage 5a

Stage 5b

Figure 6 \Comparison of ex vivo derived NK cell subpopulations and their natural
counterparts in human bone marrow (BM)
Seven developmental stages and their newly defined subsets in ex vivo cultures were compared to
samples from human bone marrow 17. Subsets identified in BM are shown within the red circle
and classified as indicated in supplementary table 2. The NK cell cultures were followed over 5
weeks and the subsets found during culture are shown within the colored ellipse. All subsets that
were in common with BM subsets are indicated in the intersections of a specific time point, week
0 - week 5 (w0-w5). A: Stage 1 was detected in both BM and during ex vivo NK cell generation
and comprised subsets F, G, L, N, Pfrom which G, N are specific for BM tissue and F, L, P could
be found at day 0 (wO shown as blue ellipse) in enriched CD34+ cells from cord blood (CB).
Furthermore CB has exclusively E subset at wO in stage 1. E, K subsets are present after week 1
(wl shown aspurple ellipse) of expansion culture, however no subsets were common with BM.
B: Stage 2 is normally found in bone marrow (BM) and during ex vivo NK cell generation and
compromises subsets of E, F, G, L, Pfrom which only P is specifically found in BM tissue and
E, F, L, G could be found in enriched CD34+ cells from umbilical cord blood (CB). BM and CB
share a central subset E in stage 2 and this remainsfor at least 3 weeks of culture. Furthermore
CB has exclusively K, N subsets at wO and subset K at wl within stage 2following the culture. C:
Stage 3a cells arefound in BM, and during ex vivo N K cell generation after wl of culture. Several
subsets such as E, K, M, N, J, O, P could be identified. Subsets O and P are found only in BM.
BM and ex vivo cultures share a central subset K wl -w3 of culture and further have N,P subsets
in common for wl-w2 and subset N fo r w3 of culture. Ex vivo cultures have exclusive subsets E,
M compared to BM for wl-w2. D: Stage 3b cells are present in BM and during ex vivo NK cell
generation. Several subsets such as B, J, K, M could be identified. No tissue specific subset for BM
was found. BM and CB share a central subset K present during 3 weeks of NK cell differentiation
(w3-w5). Ex vivo cultures have an exclusive subsets M at w4 and two exclusive subsets B, M
compared to BM. E: Stage 4 cells were detected in BM and during ex vivo N K cell generation
cultures. Several subsets such as B, J, K, M could be identified. No tissue specific subset wasfound
fo r BM, however subsets B and J which represent a central subset regarding BM during 3 weeks of
N K cell differentiation (w3-w5). Ex vivo cultures have further exclusive subsets K, M, compared
to BM for week 4 (w4). F: Stage 5a cells are found in BM and during ex vivo N K cell generation
at w3-w5. B and ] subsets could be identified and no tissue specific subset was found. BM and
ex vivo culture share a central subset ƒ for w3-w5 and subset B at w4. However in w5 subset B
was exclusivelyfound in N K cell cultures. G: Stage 5b cells are present in BM and during ex vivo
NK cell generation at week 5. Subsets J, K and M could be identified as J represents a BM specific
subset and K and M stay centrally common between BM and ex vivo cultures.
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and K like in stages 3a and 4. However, upon NK cell maturation CD33 is down regulated and
CD244+NKG2A+ subset J and CD244+NKG2A' subset M became much more prominent in
stages 4-5b. Therefore, NK cell development in CB cultures could be followed by the expression
of CD33, which is present during early NK cell development and down regulated later during
maturation. As CD244 is more or less expressed during the whole culture process, we could
further detect differences in NKG2A expression. NKG2A is present on CD33 positive and
negative NK cells during maturation, however also down regulated upon further maturation
in later stages.
Comparing the ex vivo generated subpopulations with their occurrence in primary and
secondary lymphoid tissues, we found a high correlation of major subsets within distinct
stages. Subpopulations were defined by the characterization o f a definite stage and its
combined subset. Overall, in contrast to Freud et al., who identified stage 1 and 2 cells in
SLT14, we identified BM to be the most prominent tissue hosting NK cell developmental stages
1 and 2 11. Stage 2 could be still detected in CB but for LNs, SPL and PB only stages from 3a
onwards were detected in more than 50% of the donors. These differences are possibly due to
differences in sample preparations prior to analysis as discussed before 17.
Using our 10-color FCM panel, we identified main subsets within stages that are
present in tissues and during ex vivo cultures. For BM stage 1 and 2, mainly subsets E, F,
G, L characterized by CD 133 were shared with uncultured CD34+ enriched cells from CB.
Upon initial culture, subset E was still present after 1 week for stage 2 cells as found in BM.
In later stages mainly CD244 positive subsets were found in common with BM tissue. Here,
within stage 3a and 3b, CD33 positive subsets K and N play a central role. The same analogy
was found for CB cultures or PB. However, looking to lymphoid tissues, these CD33 positive
subsets were mainly exclusively found within stages of ex vivo cultures. These findings could
indicate that tissue specific ex vivo NK cell development may follow different routes (myeloid
vs. lymphoid), which requires various types of progenitor cells.
Due to the high expression of CD33 during the NK cell generation we wondered whether
NK cells generated by our method originated from myeloid or lymphoid progenitors.
Recently, Grzywacz et al. clearly demonstrated that NK cells can differentiate from M -CSFR+
myeloid progenitors within the CD56YCD94YCD117+ fraction6. In line with their findings,
we found that the pool o f myeloid precursors highly expands and remains on a high level
during the whole culture period. Previously, we described a new progenitor for NK cells and
macrophages using a ML-IC (myeloid-lymphoid-initiating cell) readout system24. Further we
detected within the stage negative cells a substantial amount of CD 14 positive cells during
our culture period16,23. Possibly these myeloid progenitors like subpopulation 2E or 3aK for
the NK cell and monocytic/macrophage lineage could play a substantial role in our culture
system, by being involved in NK cell education and maturation processes. Further functional
analyses of these different NK cell developmental subpopulations are necessary to achieve
a more complete view on the NK cell developmental pathway including the acquisition of
cytolytic and immunoregulatory functions.
In summary, these data show that in vivo NK cell development could be mimicked by
our ex vivo cell culture system. Therefore, this system would be very helpful in experimental
studies to gain further insight in the pathway of NK cell development and maturation. NK
cells maturate and acquire their cytotoxic and cytokine-production capability through a
process called NK cell licensing or education25,26. We suggest, that the identified myeloid
accessory cells could play a role in NK education and maturation, as we generated fully
functional NK cells in our cell culture system. However their involvement has still to be
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proven and the mechanism remain unclear. Although this process remains to be completely
understood, it is supposed that NK cells become functional after engagement of IRs with
self-ligands during the differentiation process25' 21. NK cells could not pass the education
process by lacking inhibitory receptors for self-ligands and are considered as unlicensed and
therefore “hyporesponsive” 27‘29. During the described transition of NK cells through several
stages during the NK cell developmental pathway, stage 3b cells transit into stage 4 cells by
acquiring the IR CD94/NKG2A. These cells are then capable to react to certain cytokines such
as IL-2, IL- 12, IL-15, IL-18 or IL-21 in order to acquire cytokine-producing functions and
low cytotoxic potential30' 31. Thereafter, NK cells acquire the ability to migrate to peripheral
tissues to obtain additionally functional receptors like CD16, NKG2D or KIRs to become
highly cytotoxic32,33.

Materials and methods
Tissue collection and mononuclear cell isolation
Tissue samples were obtained as described previously1". BM, PB, spleen (SPL) and CB samples
were obtained at the Radboud University Nijmegen Medical Centre (RUNMC; Nijmegen,
The Netherlands). BM and PB samples were obtained from healthy stem cell transplantation
donors. SPL samples were obtained from deceased liver or kidney transplantation donors. CB
samples, obtained at birth after normal full-term delivery, were provided by the cord blood
bank of the RUNMC. At the Erasmus Medical Centre (Rotterdam, The Netherlands), liver
draining lymph node (LiLN) samples were obtained from deceased liver transplantation
donors and inguinal lymph node (inLN) samples from kidney transplant recipients (not
treated with immunosuppressive drugs prior to lymph node excision). After collection,
each tissue sample was stored at room temperature and processed within 24h. Lymph node
and spleen samples were first forced through 74 pm filters (Costar, Corning International,
NY, and USA) to obtain single cell suspensions. Mononuclear cells (MNC) were isolated by
density gradiënt centrifugation (Lymphoprep; Nycomed Pharma, Roskilde, Denmark) and
cryopreserved in liquid nitrogen until further use. At least 5 independent samples o f each
tissue were collected. This study was performed in accordance with the regulations as set
by the Medical Ethical Committees for human research of the RUNMC and the Erasmus
MC, and written informed consent with regard to scientific use was obtained from all study
participants or their representatives.
E x vivo expansion and differentiation o f C D 34+progenitor cells
CB cells were labeled with CliniMACS CD34 reagent (Miltenyi Biotech, Bergisch-Gladbach,
Germany) and CD34^ cells were selected by magnetic isolation (Miltenyi MACS Separator)
according the instructions of the manufacturer. CD34+ cells were collected, cell number
and purity established by flow cytometry and the cells used for NK cell generation. CD34+
CB cells were transferred into culture plates and expanded and differentiated according to
Glycostem Basal Growth Medium (GBGM®) based culture method III as described previously
3. In brief, for day 0-9 Expansion Medium I was used consisting of GBGM® for CB (Clear
Cell Technologies, Beernem, Belgium) supplemented with 10% human serum (HS; Sanquin
Bloodbank, Nijmegen, The Netherlands), a high-dose cytokine cocktail containing SCF,
Flt3-L, TPO and IL-7 (all CellGenix, Freiburg, Germany) and a low-dose cytokine cocktail
consisting o f GM-CSF (Neupogen) (Amgen, Breda, The Netherlands), G-CSF and IL-6 (both
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CellGenix, Freiburg, Germany). Between day 10 and 14, Expansion II medium was used in
which TPO was replaced by IL-15 (CellGenix, Freiburg, Germany). During the first 14 days
of culture, low molecular weight heparin (LMWH) (Clivarin®; Abbott, Wiesbaden, Germany)
was added to the expansion medium. Cell cultures were refreshed with new medium every
2-3 days. Cultures were maintained in a 37°C, 95% humidity, 5% CCX, incubator. From day
14 onward, expanded CD34+ CB cells were differentiated and further expanded using NK
cell differentiation medium. This medium consisted of GBGM® for CB as used for the CD34
expansion step supplemented with 10% HS, the low-dose cytokine cocktail (as previously
mentioned) and a new high-dose cytokine cocktail consisting of IL-7, SCF, IL-15 and IL-2
(Proleukin®; Chiron, Miinchen, Germany).

Multi-color flow cytometry
Cell numbers and expression of cell surface markers were determined by flow cytometry
(FCM). For immunophenotypical staining, cells were incubated with the appropriate
concentration of MoAbs for 20 min at 4°C. After washing, cells were resuspended in Coulter®
Isoton® II Diluent (Beekman Coulter, Woerden, The Netherlands) and analyzed using the
Coulter FC500 flow cytometer (Beekman Coulter). To determine the content o f CD34+ cells
in the CB and the purity of the selected CD34+cells the following monoclonal antibodies were
used: CD45-FITC (J33) and CD34-PE (581) (both from Beekman Coulter). The population of
living CD34+cells was determined by exclusion of 7-AAD (Sigma, Bornem, Belgium) positive
cells and using FlowCount counting beads (Beekman Coulter) to enumerate the viable CD34positive population. Analysis was performed according to the advanced ISHAGE protocol.
For detailed flow cytometric analysis of the different NK cell developmental stages,
we designed a 10-color FCM panel using conjugated MoAbs kindly provided by Beekman
Coulter (Marseille, France), except for CD133-PE (AC133) (Miltenyi Biotech, BergischGladbach, Germany). Detailed description of the panel is shown in Supplementary Table 3.
The combination of conjugates within the panels were selected for the optimal MoAb clones
(if available) and balanced to avoid antibody interactions, sterical hindrance and to detect
also dimly expressing populations. All conjugates were titrated and individually tested for
sensitivity, resolution and compensation of spectral overlap at the PM T settings resulting in
an optimal signal-to-noise ratio. Thawed cell fractions of collected human tissues were stained
with the appropriate MoAb concentration of the 10-color panel and assessed on a Navios™
FCM. Data was analyzed using the Kaluza Software® 1.0 (Beekman Coulter). To define NK
cell developmental stages, samples were gated on the CD45+CD3' population within CD45+/
SS’ gated cells to exclude T cells and endothelial cells (which may express CD34, but are
CD45 negative15) from analysis. Cell populations >0.1% of the CD45+CD3' population with a
threshold of 50 cells were considered reliable. Cell populations were considered to be present
in a specific tissue when at least 3 out o f 5 samples showed reliable results. Cell populations
that did not suffice to these criteria were excluded from further analysis.

Staining protocol
Prior to incubation with MoAbs, erythrocytes from blood and bone marrow were eliminated
by using ammonium chloride lysis21 and subsequently washed with PBS and resuspended in
PBS with 0.5% BSA. Frozen cell samples were thawed as described previously10. Per staining
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lx l O6cells were plated in a 96-wells V-bottom plate (Greiner Bio-One, 651180) and centrifuged
for 3 min at 1200 rpm. Supernatant was removed and cells were washed once in buffer (PBS +
0.05% BSA). After centrifugation cells were resuspended in 25 pl staining mixture containing
MoAb conjugates diluted at the appropriate concentration in buffer. After incubation for 20
min at 4°C in the dark, cells were washed twice with buffer. Cells were stored in 150 pl buffer
at 4°C in the dark until measurement. Fluorescence was measured within 1 hour.

CFU analysis
Colony forming unit (CFU) assays were performed according to the manufacturer’s
instructions using MACS Media HSC-CFU (complete with EPO, human) (Miltenyi Biotech,
Bergisch Gladbach; Germany). At day 0, 250 cells were plated in methylcellulose medium
and incubated in a humidified atmosphere at 37°C and 5% C 0 2. After cell expansion; at
week 1 250-500 cells, week 2 2,500-1,000 cells, week 3 2,000-5,000 cells, week 4 5,000-10,000
and week 5 20,000 cells were plated. Hematopoietic colonies were scored after 14 days of
methylcellulose culture as described before22.

Statistics
Results from different experiments are described as mean ± Standard deviation (SD), range
and median. Statistical analysis was performed using t-test, one or two-way ANOVA. A
p-value of <0.05 was considered statistically significant.
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SUPPORTING INFORMATION
Supplemental table 1: Developmental stages of NK cells.

The main stages ofN K cell development based on the expression of a combination ofCD34,
CD117, CD56 and CD94 antigens are defined. The commitment towards the NK cell lineage is
based on the findings by Freud et al.'2

Supplementary table 2: Definition and classification of all potential subsets during NK
cell development.
Subsets
Antigen

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

CD133

+

-

+

+

+

+

+

+

-

-

-

+

-

-

-

CD244

+

+

-

+

+

+

-

-

-

+

+

-

+

-

-

CD33

+

+

+

-

+

-

+

-

+

-

+

-

-

+

-

CD159a

+

+

+

+

-

-

-

+

+

+

-

-

-

-

+

P

All theoretical subsets characterized by combination of CD133, CD244, CD33 and CCD159a
antigens are shown. The new subsets are classified by a letter code from AtoP.

163 I 164

Supplementary table 3: Reagents used to determine NK cell development stages.
Immature panel

CD34

CD133

CD3

C D l5 9 a

CD117

CD33

Fluoro-chrome

FITC

PE

ECD

PE-Cy5.5

PE-Cy7

APC

Ctone

581

AC133

UCHT1

Vendor

BC

MTY

BC

Z199.1.10

1040201

D3HLL60 251

BC

BC

BC

Custom
Cal No

IM1870

130-080-801

IM3698

A07748

CD244

CD56

APC-

APC-

AF700

AF750

C1.7.1

N901

CD94

CD45

PB

KO

HP-3B1

J33
BC

BC

BC

BC

Custom

Custom

Custom

made

made

made

1:10

1:25

1:50

IM2471

made

A96416

Optim al
1:10
concentration

1:50

1:25

1:25

1:50

1:10

1:50

The custom made labels were kindly provided by Beekman Coulter, Marseille, France. Titration
was performed using fresh human peripheral blood mononuclear cells. After washing in PBS
containing 0.05% BSA cells were stainedfor 20 minutes in the dark at 4°C. Cells were washed
twice and analyzed within one hour on a Navios™ Flowcytometer. BC = Beekman Coulter,
MTY=Miltenyi Biotech.
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Stage 4

Stage 5a

Stage 5b

Supplemental Figure 1 \Comparison of ex vivo derived NK cell subpopulations and their
natural counterparts in human cord blood (CB)
Seven developmental stages and their new defined subsets were compared to ex vivo cultures
and samplesfrom human cord blood17. Subsets identified in the tissue are in the red CB circle are
classified as indicated in supplementary table 2. The NK cell development cultures werefollowed
over 5 weeks and the subsets that were common with CB subsets are indicated in the intersections
of a specific time point, week O- week 5 (w0-w5). Stage 1 is commonly present in cord blood (CB)
and during ex vivo NK cell generation and compromises subsets ofE, F, L, P and could be best
analyzed in within an enriched CD34+ cell fraction at week 0 (see figure 2). Furthermore CB
has an additional subset K in stage 1 present at week 1 ofN K cell culture. A: Stage 2 is normaïly
found in CB and during ex vivo N K cell generation and compromises subsets ofE, F, G, K, L, N
sharing the central subset E in stage 2 at wO-wl of culture. Furthermore CB has an exclusively K
subset at wl within stage 2 following the culture. B: Stage 3a cells are found in CB, and during
ex vivo NK cell generation for wl-w3 of culture. Several subsets such as E, K, M, N, J, P could be
identified. CB and ex vivo cultures share a central subset K wl-w3 of culture and further have
M, N, P subsets in common fo r wl-w2. Ex vivo cultures have an exclusive subset E compared
for wl-w2. C: Stage 3b cells are present in CB and during ex vivo N K cell generation. Several
subsets such as B, J, K, M could be identified. CB share a central subset Kpresent during 3 weeks
ofN K cell differentiation (w3-w5). Ex vivo cultures revealed exclusive subsets ) at w3, M at w4
and two exclusive subsets B, M at w5 compared to steady state CB. D: Stage 4 cells were detected
in CB and during ex vivo NK cell generation cultures. Various subsets such as B, J, K, M could
be identified. CB share a central subset J present during 3 weeks o fN K cell differentiation (w3w5). Ex vivo cultures revealed exclusive subsets B at w3 and w5, further three exclusive subsets
B, K, M at w4 compared to steady state CB. E: Stage 5a cells are found in CB and during ex
vivo N K cell generation at w3-w5. CB share a central subset J present during 3 weeks ofN K cell
differentiation (w3-w5). Ex vivo cultures have exclusive subsets B at w4-w5. F: Stage 5b cells are
present in CB and during ex vivo NK cell generation at week 5 and share K and M as central
subsets. Subset J represents a CB specific subset in steady state compared to ex vivo cultures.
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Supplemental figure 2 \Comparison of ex vivo derived NK cell subpopulations and their
natural counterparts in human peripheral blood (PB)
Seven developmental stages and their newly defined subsets were compared to ex vivo cultures
and samples from human peripheral blood (PB), however stage 1 and 2 cells could hardly be
detected in PB17. Subsets identified in the tissue were in the red PB circle were classified as
indicated in supplementary table 2. The NK cell development cultures werefollowed over 5 weeks
and the subsets that were common with PB subsets were indicated in the intersections ofa specific
time point, week 1 - week 5 (wl-w5). A: Stage 3a cells were found in PB, and during ex vivo NK
cell generation after wl of culture. Several subsets such as E, K, M, N, P could be identified. No
PB specific subsets were found. PB and ex vivo cultures share a central subset K wl-w3 of culture
and further have a P subset in common for wl-w2. Ex vivo cultures have exclusive subsets E, M
and N compared to PB fo r wl-w2 and subset N for w3 of culture. B: Stage 3b cells were present in
PB and during ex vivo N K cell generation. Several subsets such as B, J, K, M could be identified.
No tissue specific subset fo r PB was found. PB and CB cultures share a central subset J present
at w3 Ex vivo cultures have an exclusive subsets K at w3. Two exclusive subsets K, M at w4 and
three subsets B, K, M at w5 compared to PB. C: Stage 4 cells were detected in PB and during ex
vivo NK cell generation cultures. Several subsets such as B, J, K, M could be identified. No tissue
specific subset was found fo r PB, however subsets B and ƒ represent central subsets in PB and
during 3 weeks ofN K cell differentiation (w3-w5). Ex vivo cultures havefurther exclusive subsets
K, M, compared to PB fo r week 4 (w4). D: Stage 5a cells were found in PB and during ex vivo NK
cell generation at w3-w5 and no tissue specific subset was found. PB and ex vivo cultures share
a central subset Jfo r w3-w5 and subset B was exclusively found in NK cell cultures at w4-w5. E:
Stage 5b cells were present in PB and during ex vivo NK cell generation at week 5. Subsets f, K,
M, N, P could be identified as J, N, P represent PB specific subsets. K and M stay central in PB
and ex vivo cultures.
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Supplemental figure 3 |Comparison of ex vivo derived NK cell subpopulations and their
natural counterparts in human spleen (SPL)
Seven developmental stages and their new defined subsets were compared to ex vivo cultures and
samples from human spleen tissue (SPL), however stage 1 and 2 cells could hardly be detected
in SPL ‘7. Subsets identified in the tissue were in the red SPL circle were classified as indicated
in supplementary table 2. The NK cell development cultures were followed over 5 weeks and the
subsets that were common with SPL subsets were indicated in the intersections ofa specific time
point, week 1 - week 5 (wl-w5). A: Stage 3a cells were found in SPL, and during ex vivo NK cell
generation after wl of culture. Several subsets such as E, J, K, M, N, P could be identified with J
as a SPL specific subset. SPL and ex vivo cultures further share a central subset P for wl-w3 of
culture. Ex vivo cultures have exclusive subsets E, K, M and N compared to SPL for wl-w2 and
subset K and N for w3 of culture. B: Stage 3b cells were present in SPL and during ex vivo NK cell
generation. Several subsets such as B ,), K, M, P could be identified with P asa SPL specific subset.
SPL and CB cultures share a central subset J present at w3. Ex vivo cultures have an exclusive
subsets K at w3, two exclusive subsets K, M at w4 and three subsets B, K, M at w5 compared
to SPL. C: Stage 4 cells were detected in SPL and during ex vivo N K cell generation cultures.
Several subsets such as B, J, K, M could be identified. No tissue specific subset was found for SPL,
however subsets ƒ represent a central subset in SPL and during 3 weeks ofN K cell differentiation
(w3-w5). Ex vivo cultures have further exclusive subsets B at w3-5 and additionally K and M at
w4 compared to SPL. D: Stage 5a cells were found in SPL and during ex vivo N K cell generation
at w3-w5 and no tissue specific subset wasfound. SPL and ex vivo cultures share a central subset
J fo r w3-w5 and subset B was exclusively found in NK cell cultures at w4-w5. E: Stage 5b cells
were present in SPL and during ex vivo NK cell generation at week 5. Subsets J, K and M could
be identified with subsets J specific SPL. M stays central for SPL and ex vivo cultures as K was
found to be exclusive for ex vivo cultures.
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Supplementary figure 4 \Comparison of ex vivo derived NK cell subpopulations and their
natural counterparts in human inguinal lymph nodes (InLN)
Seven developmental stages and their new defined subsets were compared to ex vivo cultures
and samplesfrom human inguinal lymph nodes (InLN), however stage 1 and 2 cells could hardly
be detected in In L N 17. Subsets identified in the tissue were in the red InLN circle were classified
as indicated in supplementary table 2. The N K cell development cultures were followed over 5
weeks and the subsets that were common with InLN subsets were indicated in the intersections of
a specific timepoint, week 1 - week 5 (wl-w5). A: Stage 3a cells were found in InLN, and during
ex vivo N K cell generation after wl of culture. Several subsets such as E, J, K, M, N, P could be
identified with f as a InLN specific subset. InLN and ex vivo cultures further share a central
subset Pfor wl-w3 of culture. Ex vivo cultures have exclusive subsets E, K, M and N compared to
InLN fo r wl-w2 and subset K and N for w3 of culture. B: Stage 3b cells were present in InLN and
during ex vivo NK cell generation. Several subsets such as B, J, K, M, P could be identified with
P as a InLN specific subset. InLN and CB cultures share a central subset J present at w3. Ex vivo
cultures have an exclusive subsets K at w3, two exclusive subsets K, M at w4 and three subsets
B, K, M at w5 compared to InLN. C: Stage 4 cells were detected in InLN and during ex vivo NK
cell generation cultures. Several subsets such as B, J, K, M could be identified. No tissue specific
subset was found fo r InLN, however J represent a central subset in InLN and during 3 weeks of
N K cell differentiation (w3-w5). Ex vivo cultures have further exclusive subsets B at w3-5 and
additionally K and M at w4 compared to InLN. D: Stage 5a cells were found in InLN and during
ex vivo NK cell generation at w3-w5 and no tissue specific subset was found. InLN and ex vivo
cultures share a central subset Jfor w3-w5 and subset B was exclusivelyfound in NK cell cultures
at w4-w5. E: Stage 5b cells were present in InLN and during ex vivo N K cell generation at week
5. Subsets J, K, M, P could be identified with J and P as InLN specific subsets. M stays centralfor
InLN and ex vivo cultures as K was found to be exclusive for ex vivo cultures.
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Supplementary figure 5 \Comparison of ex vivo derived N K cell subpopulations and their
natural counterparts in human liver lymph nodes (LiLN)
Seven developmental stages and their new defined subsets were compared to ex vivo cultures
and samples from human inguinal lymph nodes (LiLN), however stage 1 and 2 cells could hardly
be detected in LiL N 17. Subsets identified in the tissue were in the red LiLN circle were classified
as indicated in supplementary table 2. The N K cell development cultures were followed over 5
weeks and the subsets that were common with LiLN subsets were indicated in the intersections
of a specific time point, week 1 - week 5 (wl-w5). A: Stage 3a cells were found in LiLN, and
during ex vivo NK cell generation after wl of culture. Several subsets such as E, J, K, M, N, P
could be identified with J as a LiLN specific subset. LiLN and ex vivo cultures further share a
central subset N for wl -w3 of culture and share further subset P at wl-w2. Ex vivo cultures have
exclusive subsets E, K and M compared to LiLN for wl-w2 and subset K at w3 of culture. B: Stage
3b cells were present in LiLN and during ex vivo NK cell generation. Several subsets such as B,
], K, M could be identified. LiLN and CB cultures share a central subset J present at w3. Ex vivo
cultures have an exclusive subsets K at w3, two exclusive subsets K, M at w4 and three subsets
B, K, M at w5 compared to LiLN. C: Stage 4 cells were detected in LiLN and during ex vivo NK
cell generation cultures. Several subsets such as B, J, K, M could be identified. No tissue specific
subset wasfound for LiLN, however B and J represent central subsets in LiLN and during 3 weeks
ofN K cell differentiation (w3-w5). Ex vivo cultures havefurther exclusive subsets K and M at w4
compared to LiLN. D: Stage 5a cells were found in LiLN and during ex vivo NK cell generation at
w3-w5 and no tissue specific subset was found. LiLN and ex vivo cultures share a central subset
J fo r w3-w5 and subset B was shared at w4 but exclusively found fo r NK cell cultures at w5. E:
Stage 5b cells were present in LiLN and during ex vivo NK cell generation at week 5. Subsets J,
K, M could be identified with J as LiLN specific subsets. M stays central for LiLN and ex vivo
cultures as K was found to be exclusive fo r ex vivo cultures.
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Natural killer (NK) cells are thought to become a new star at the sky of cellular therapy. Due to
their tightly regulated “natural killing” and antibody dependent cellular cytotoxicity (ADCC),
NK cells have the capability to control viral infections target cancer and kill senescent cells.
Further insight in NK cell receptor biology as well as possibilities to exploit NK cells for
adoptive immunotherapy will fuel translational research to bring NK cell based therapy to
clinical trials in a broad range o f diseases. In allogeneic stem cell transplantation (SCT), NK
cells have shown to mediate graft-versus-leukemia (GVL) immunity towards recipient tumor
cells without attacking normal tissues leading to graft-versus-host disease (GVHD). The
separation between GVL and GVHD might be explained by reduced (HLA-matched SCT)
or presence o f non-self (HLA-mismatched SCT) on leukemie cells o f the patiënt combined

with selective upregulation o f activating ligands. This makes NK cell based immunotherapy
an attractive adjuvant therapy for leukemia and other malignancies either alone or in
combination with antibodies and tumor sensitizing drugs. However, up to date only allogeneic
treatments by using haploidentical NK cells isolated from peripheral blood o f selected donors
has been successfully applied to treat certain hematological malignancies and solid tumors
(chapter 1). The future challenge will be to bring NK cell adoptive therapy a step further
from personalized medicine towards more generic medication. Therefore, the main focus
of this thesis is to develop a new production method for NK cell immunotherapy products
and additionally to study NK cell development, biology and function. Lessons learned from
haploidentical NK cell infusion trials in the past clearly suggest, that NK cell products for
future immunotherapy trials should be improved in cell numbers, activity, availability and be
devoid of contaminating cells like T or B cells.
In chapter 2 the development of an extremely efficient expansion and differentiation
cell culture process to generate functional NK cells from UCB CD34+ stem and progenitor
cells is described. First a new serum free medium was developed, that could be used for
the expansion o f progenitor cells as well as for the differentiation o f functional NK cells.
Furthermore the medium is formulated with only human or recombinant human proteins to
enable the translation towards clinical or pharmaceutical production. Systematic refinement
of a supplemental cytokine cocktail in combination with clinical grade heparin lead to
a highly efficient cell culture protocol. CD56+CD3 NK cell products could be routinely
generated from freshly isolated CD34+UCB cells with a mean expansion of >15,000 fold and a
nearly 100% purity, devoid o f any T and B cells. These ex v/vo-generated cell products contain
NK cell subsets differentially expressing NKG2A and killer immunoglobulin-like receptors
(KIRs). Furthermore, UCB-derived CD56+ NK cells generated by our protocol uniformly
express high levels of activating NKG2D and natural cytotoxicity receptors (NCRs). These ex
vfvo-generated NK cell lyse efficiently myeloid leukemia and melanoma cell lines as well as
primary AML blasts, at low NK cell/target ratios. Taken the high expansion potential of the
system together with the high purity o f the final product, this procedure exemplifies a major
breakthrough in the generation ofN K cells for immunotherapeutic purposes.
Next, the cytokine and heparin based culture protocol for ex vivo expansion o f NK
cells from umbilical cord blood (UCB) hematopoietic stem cells, was translated into a fully
closed, large-scale, cell culture bioprocess (chapter 3). By passing hurdles like the optimization
of CD34+ selection from cryopreserved “off-the-shelf” UCB products using a closed process,
we made use of various bioreactor systems to develop and optimize a completely closed cell
culture process to generate large numbers ofN K cells. The thawed CD34+ UCB cells could be
reproducibly amplified and differentiated into CD56+CD3' NK cell products using bioreactors
with a mean expansion of more than 2,000 fold and a purity o f >90%. The expansion in
the bioreactor yielded a clinically relevant dose o f around 2 x l0 9 NK cells displaying high
expression of activating NK receptors and cytolytic activity against K562. Extensive product
release testing and downstream processing ensure a safe and well controlled release of the NK
cell immunotherapy product. These results demonstrate that large numbers of UCB stem cellderived NK cell products for adoptive immunotherapy can be produced in closed, large-scale
bioreactors for the use in clinical trials.
As knowledge on NK cell development, differentiation and activation is essential for
improvement of our NK cell culture process and to refine and further evolve NK cell based
therapies within the coming years, we developed a 10-color flow cytometry assay to specific
study NK cell development in more detail. In chapter 4, we used this new tooi to characterize
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NK cell developmental stages within various human tissues. Using a highly sensitive
flowcytometer and novel flow cytometry analysis software, we succeeded in identifying seven
distinctive NK cell developmental stages in bone marrow, cord blood, peripheral blood,
inguinal lymph node, liver lymph node and spleen of single donors. NK cell development
is accompanied by early expression of stimulatory co-receptor CD244 in vivo. In addition,
variation of expression profiles o f early development marker CD33 and C-type lectin receptor
NKG2A between the tissues, suggest a more tissue specific NK cell differentiation and
maturation process. Moreover, differential expression of NKG2A and stimulatory receptors
(e.g. NCRs, NKG2D) within the different subsets of committed NK cells demonstrated the
heterogeneity of the CD56bnghtCD16+/' and CD56dimCD16+ subsets. These findings suggest
that the microenvironment may play an important role in differential in situ development
o f the NK cell receptor repertoire of committed NK cells. Overall, differential in situ NK cell
development and trafficking towards multiple tissues may give rise to a broad spectrum of
mature NK cell subsets found within the human body.
In addition to the phenotypical characterization and in order to increase our knowledge
on ex vivo NK cell development we investigated and described human NK cell differentiation
on a molecular level (chapter 5). By identifying specific gene expression profiles for NK cell
maturation we compared them to mature NK cells from peripheral blood. Interestingly, ex
vivo-generated NK cells displayed a similar gene expression profile of the cytolytic molecules
and cytotoxicity studies revealed that they also exert a stronger killing ability compared to
activated NK cells from peripheral blood.
In chapter 6, we investigated whether ex vivo NK cell development using our cell culture
system is comparable to our findings for NK cell developmental stages in human tissues. The
ex vivo obtained results revealed the existence of similar NK cell developmental stages in
the ex vivo NK cell generation process as those described for human NK cell differentiation
in vivo. Subsequent characterization o f well defined subsets of NK cells from cell cultures
showed a very close resemblance compared to those that were identified in vivo.
In summary: NK cells play an important role in control and even cure of hematological
malignancies. In order to use these cells as immunotherapeutic tooi we were able to circumvent
a lot o f existing problems and developed a novel technique to generate large amounts of
highly functional NK cells for clinical use. The overall aim o f this project has been the clinical
application of ex vz'vo-generated UCB-NK cells in a phase I/II clinical trial. After approval
of the Investigational Medical Product Dossier and the corresponding clinical protocol by
the Dutch regulatory authorities (“Centrale Commissie Mensgebonden Onderzoek” CCMO)
(NL31699.000.10), we attained permission to execute a phase I/II clinical trial in poor risk
AML patients. The first patients have been screened and are included in this clinical trial.
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GENERAL DISCUSSION
Based on the clinical data so far, AML can be proposed as a model disease to test efficacy of
adoptive NK cell transfer in anti-cancer immunotherapy. However, the best strategy how to
exploit NK cells for immunotherapy is still controversial. Important questions like “Should
natural killer cells be expanded in vivo or ex vivo to maximize their therapeutic potential?” 1
and “Ex-vivo expansion o fN K cells: What is the priority - high yield or high purity?” 2 ; are
still open to be addressed in preclinical studies and clinical trials.

Ex vivo NK cell expansion
The idea of expanding NK cells is mainly driven by the aim of improving higher in vivo effector
to target ratios to increase NK cell efficacy, but keeping the balance for safety. Escalated doses
of infused NK cells does lead to a prolonged survival of tumor bearing mice3, indicating that
high NK cell numbers could be a key factor to achieve clinical benefit. Since most beneficial
therapeutic effect has been observed after using NK cells from haploidentical donors, the
impurity of the product in terms of T and B cell contamination is crucial to prevent risks of
GVHD or EBV-(Epstein-Barr-Virus) induced lymphomas. Limitations in getting higher NK
cell numbers and activated and pure NK cell products from aphaeresis products disclose the
need to develop alternative strategies to generate NK cell products. Therefore, the inventive
technology to generate NK cells from hematopoietic stem and progenitor cells, as described
in this thesis, provide a promising and novel NK cell product for cancer immunotherapy. The
development of a closed system using chemically defined media and supplements provide a
prerequisite for pharmaceutical use. The use of allogeneic stem cell sources such as cord blood
could prevent long lasting selection procedures for haploidentical donors and therefore may
build a solid basis for a broad range of off-the-shelf applications.

NK cell therapy in other tumors
Besides current clinical applications in certain hematological malignancies, NK cells play also
an important role in the elimination of metastasis and small tumors such as melanomas4,5. In
other solid tumors, recently the use o f adoptive NK cell immunotherapy has been reported for
patients with recurrent ovarian and breast cancer6. However, the authors had to conclude, that
more effective strategies are needed to improve the clinical benefit of NK cells against solid
tumors such as lung, breast, prostate, ovarian or colorectal cancers. Potential ways to improve
NK cell immunotherapy for solid tumors, besides tumor size reduction by surgery, will be
multiple NK cell dosages and the combination with additional treatment lilce chemotherapy
and/or the use of antibodies or other new investigational drugs.

Combination therapies
An important step in maximizing NK cell anti-tumor activity after adoptive transfer could
be the combination of NK cell adoptive transfer together with immune modulatory drugs
that have NK cell potentiating activity. Agents like the DNA methyltransferase inhibitors
Azacitidine and Decitabine, the immune modulatory derivative Lenalidomide and the
proteasome inhibitor Bortezomib are currently explored in clinical and preclinical NK cell
adoptive transfer studies. These agents can both affect cancer cells directly, and influence
antitumor immunity in a positive m anner. Despite their different molecular targets, these
compounds share a direct anti-leukemic effect by induction of cell cycle arrest, inhibition
of proliferation and/or induction of apoptosis. Many studies reported the efficacy of novel
targeted drugs such as Azacitidine, Lenalidomide or Bortezomib against leukemia such as
AML, multiple myeloma (MM) or myelodysplastic syndrome (MDS). These direct antileukemic effects were demonstrated ex vivo on both cultured and primary AML cells at
drug concentrations achieved in patients. Focusing on AML, Bortezomib has been recently
evaluated in induction chemotherapy in previously untreated and relapsed patients or in
refractory AML patients8. Lenalidomide treatment has also been assessed as initial therapy
in elderly AML patients9 and is currently being evaluated in combination with Standard

181 | 182

induction therapy in poor-prognosis AML patients (NL31699.000.10). Furthermore, the
use o f Azacitidine during consolidation therapy significantly improved the median overall
survival (OS) o f elderly AML patients compared to conventional care regimens, at 24.5
months vs 16.0 months, and with two-year OS rates of 50% vs 16% respectively10. Recently,
the anti-leukemic potential of Azacitidine was confirmed by additional AML trials11,12. Thus
all these agents have been reported to exert direct anti-AML effect in patients.
In addition, there is substantial evidence that the above mentioned immune modulatory
drugs promote NK cell reactivity towards tumor cells, including AML. More specifïcally, the
up-regulation ofNKG2D ligands (MIC-A/B, U LBPs)13,14, DNAM-1 ligands (CD112, CD155)
13, as well as TRAIL death receptors 15' 16 has been reported ex vivo on tumor cells exposed to
Azacitidine and Bortezomib. Those elevated levels led to an increased susceptibility o f tumor
cells to NK cell mediated-killing. Meanwhile, several studies have demonstrated the positive
impact o f Lenalidomide on NK cells, both ex vivo and in vivo, at the pre-clinical and clinical
levels. The mechanism o f action of Lenalidomide is complex, but Lenalidomide has been
shown to promote indirectly NK cell expansion and activation in vivo by stimulating T cells
to secrete IL-217. Furthermore, it appears that these drugs differentially affect AML cells and
UCB-NK cells, creating a therapeutic window for simultaneous AML cell sensitization with
drugs and NK cell infusion. Altogether, this gives a strong rationale to further investigate in
vivo the possible additive and/or synergistic anti-leukemic effects against AML and other
types o f cancer, which can result in improved NK cell-based immunotherapy in combination
with novel anti-cancer drugs. Specifïcally, MM as one of the most frequent and still incurable
hematological diseases could be potentially the next candidate for NK cell based therapies.
NK cell cytotoxicity against MM targets has been demonstrated and furthermore it has been
shown that autologous NK-cell dysfunction is associated with progression o f M M 18. Those
observations have led to novel concepts o f NK cell-based MM therapy including the use
of new agents, like Pomalidomide (Celgene; inhibitor of TN F-a production), Etotuzumab
(Abbott/BMS; HuLuc63 monoclonal antibody targeting CS1) or IPH2101 (BMS, monoclonal
antibody targeting KIR2DL-1, -2, -3)18. Consequently, allogeneic NK cell therapy together
with the above mentioned drugs would be a logical next step to explore.

Directing NK cell homing
Besides improving NK cell therapy by stimulating NK cell activity in vivo using immune
modulatory agents, a new important topic is the organ specific homing capability of NK cells
used for immunotherapy. However, in contrast to B cells, T cells or dendritic cells detailed
migration and homing patterns of NK cells are still lacking. Tumor and tissue specific homing
is crucial for a favorable NK cell effect upon adoptive transfer. Mainly mouse studies have
shown that the expression of CXCR3 and CCR5 is required for the migration towards liver19,
skin20, mucosal tissues21 and pancreas22. Moreover the expression of chemokine receptors
CXCR4 and CCR7 have been reported to be involved in homing to bone marrow23, uterus24
(both CXCR4) and secondary lymphoid tissues25 (CCR7). Those investigations could play a
major role in developing successful NK cell based therapy for specific malignancies in the
near future. Several organ specific determinants have been described which influence NK
cell functions such as chemokines (CXCL5, CXCL10, CXCL12, CCL2 and CCL3 or others)
and other cellular components, like heparin, heparin sulfates and other extracellular matrix
proteins26. These factors mainly influence NK cells located in the liver, skin, pancreas, joints,
brain or mucosal tissues.

NK cells in non-cancer settings
Next to their important role in hematological and solid tumors, NK cells play an important
role in autoimmune diseases and in the early control of microbial infections. In autoimmune
diseases NK cells are thought to have both a disease-controlling or disease-promoting role.
Disease controlling mechanisms have been suggested for SLE (Systemic lupus erythematosus)
and multiple sclerosis. In SLE patients NK cells are reduced in numbers and functions27-2S.
However, in MS patients NK cell levels are elevated29 and correlate with remission of the
disease. It will remain difficult to separate positive and negative influences o f NK cells on
autoimmune diseases as studies have to separate between different cytotoxic or immune
regulatory NK cell subsets within peripheral blood or study tissue infiltrating NK cell subsets.
Therefore, a detailed description of NK cell subsets and function is needed together with an
improved knowledge about homing and migration capabilities to develop disease specific NK
cell based therapies for several autoimmune diseases.
Beside their multifunctional role in autoimmune diseases NK cells play a substantial
role to achieve resistance against various types of microbes. Especially genetic epidemiologie
studies identified the involvement o f certain KIR and MHC class I polymorphisms linked to
HIV and hepatitis C or inflammatory syndromes 30'32, leading to the design of NK cell-based
therapies in infections or inflammation. Postulating, that lifelong control of infections is a
hallmark of the adaptive immune system, immunological memory has been described for
NK cells more recently. NK cells have been identified to control CMV (Cytomegalovirus)
infection even after adoptive transfer from the first host to a second or third one33. NK cell
were still able to expand and react after CMV stimulus and could be detected in all organs
including spleen, liver, lymph nodes lung and kidney, suggesting a “NK memory potential”.
However, detailed knowledge about the role of NK cells and NK cell development in viral
infections and autoimmune disease is still limited. Thus, forthcoming studies are needed to
develop new strategies to treat autoimmune diseases or viral infections using NK cell based
therapies.

Concluding remarks
In summary, a potential broad application of NK cells and NK cell-based therapies is available
to treat various kinds of diseases. Furthermore, several options have been developed to
improve NK cell-based treatment o f patients suffering from cancer. Currently we investigate
the improvement of NK cell maturation and acquisition o f CD 16 expression to improve
ADCC-mediated killing o f antibody targeted tumor cells. We further investigate how NK
cell homing to BM or other organs like lymph nodes, spleen or liver can be improved in
order to increase the number of NK cells at the tumor site. Better migration to BM would be
beneficial for the treatment of AML or MM, whereas migration to spleen and LN could play
a role in treating lymphomas or for in vivo NK cell expansion, maturation and the formation
of “NK memory”. Moreover, improved homing to the liver could help in further refinement in
treating liver diseases including fibrosis, cirrhosis, viral infections and cancer. Furthermore,
we perform translational research of the interaction of NK cells with immune modulatory
drugs to enhance NK cell mediated cytotoxicity. The aim of these studies is to find synergistic
effects of combinatorial therapies using NK cells and drugs, in order to create synergy
between the “big blockbuster concepts” of pharmaceutical industry and the “small cellular
based therapy concepts” o f small and medium sized biotech companies. In order to provide
NK cell products for a pharmaceutical market, cost reduction during the NK cell production
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process, simple concepts for application and straight forward logistics for NK cell products
are needed. Cost reduction can be realized for instance by harvesting increased numbers of
NK cells from one product, a shorter production period, development of semi-automated
processes and/or generation of multiple products from one donor. Simple concepts to use NK
cells implicate less restriction in dorior-patient selection, reduction in time and costs during
donor selection procedures. The fact, that NK cells might not cause GVHD will simplify
these procedures. Further support for general clinical application will be generated by better
immune suppression to prevent the rejection of NK cell grafts. Finally, the development
of a logistic chain including sufficiënt freezing and thawing procedures would enable the
establishment of an “off-the-shelf” strategy, making the availability and distribution of NK
cells much more feasible in general clinical practice.
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NEDERLANDSE SAMENVATTING
De vorming van bloedcellen (oftewel hematopoiëse) is van levensbelang, omdat de
verschillende soorten bloedcellen essentiële functies vervullen zoals zuurstoftransport, stolling
en afweer (immuniteit). Afwijkingen in de hematopoiëse kunnen leiden tot verschillende
hematologische ziekten zoals leukemie. Behandeling van leukemie met chemotherapie
en bestraling werkt niet bij iedereen even goed, onder meer omdat kankercellen resistent
kunnen worden tegen cytostatica. Een transplantatie met bloedvormende stamcellen van
een donor (allogene hematopoiëtische stamceltransplantatie, HSCT) is dan vaak het uiterste
redmiddel. HSCT kan de patiënt volledig genezen, maar de risico’s zijn groot. Soms mislukt
de transplantatie of wordt het transplantaat afgestoten. De stamcellen slagen er dan niet in
om nieuw gezond beenmerg te vormen. Er kunnen ook ernstige complicaties optreden zoals
infecties en omgekeerde afstotingsziekte (graft versus host disease), waarbij het transplantaat
(graft) zich tegen normale weefsels zoals huid, lever en darmen van de ontvanger (host) richt.
Er worden verscheidene strategieën ontwikkeld om de veiligheid en effectiviteit van de
behandeling van leukemie en andere hematologische vormen van kanker te vergroten. Nieuwe
geneesmiddelen die kankercellen tot celdood aanzetten, de afweerreactie tegen kankercellen
moduleren, antistoffen en verschillende vormen van celtherapie worden daarbij onderzocht.
In dit proefschrift staat behandeling centraal met een veelbelovend type afweercel, de “Natural
Killer” (NK) cel. Deze witte bloedcellen blijken in staat te zijn om kankercellen op te ruimen
terwijl zij de gezonde weefsels van de patiënt ongemoeid laten. De toepasbare behandeling
met deze NK-cellen van een geschikte donor, adoptieve NK-cel immunotherapie genoemd,
is al aangetoond bij leukemiepatiënten. Tevens werden veelbelovende klinische resultaten
geobserveerd. Preklinische laboratorium en proefdier studies maken het zeer aannemelijk dat
NK-cellen ook actief zijn tegen solide tumoren zoals darmkanker, longkanker, borstkanker,
niercelkanker, huidkanker en ovariumkanker.
Echter een probleem bij de toepassing van adoptieve immunotherapie met NK-cellen is
dat het moeilijk is om voldoende NK-cellen uit het bloed van donoren te isoleren, zonder
contaminatie van T-cellen die wederom een omgekeerde afstotingsziekte kunnen veroorzaken.
Het onderzoek in dit proefschrift gaat over de ontwikkeling van een nieuwe benadering
om grote aantallen zuivere NK-cellen te verkrijgen door ze in het laboratorium (ex vivo) te
kweken uit hematopoiëtische stamcellen (HSC). De ontwikkeling van deze nieuwe aanpak is
translationeel onderzoek in optima forma. Het gaat niet alleen om het bewijs dat het mogelijk
is om NK-cellen op te kweken uit HSC en te karakteriseren, de procedure moet ook robuust,
reproduceerbaar en veilig zijn volgens de hoge eisen van Good Manufacturing Practice
(GMP). Een gedetailleerde beschrijving van het productieproces en uitgebreide kennis over
het eindproduct zijn daarbij essentieel. Alleen dan is het mogelijk om in klinische studies
deze aanpak verder te kunnen ontwikkelen tot een krachtige therapie bij kwaadaardige
aandoeningen. Zoals ook uit dit proefschrift blijkt, is translationeel onderzoek echter geen
eenrichtingsverkeer ‘van laboratorium naar toepassing’. Om een voldoende veilig en effectief
product te ontwikkelen was het ook nodig om de onderliggende biologie van de rijping van
bloedvormende stamcellen beter te begrijpen.

Wat zijn NK-cellen?
NK-cellen worden in het lichaam geproduceerd in het beenmerg door deling en differentiatie
van HSC. Rijpe NK-cellen zijn aanwezig in beenmerg, bloed en lymfoïde organen maar
ook in verschillende niet-lymfoïde weefsels. NK-cellen kunnen gedefinieerd worden aan
de hand van hun oppervlaktekenmerken (aangegeven met CD, cluster of differentiation
nummers). NK-cellen zijn CD56+CD3 lymfocyten. Zij vormen 5 tot 15% van de circulerende
lymfocytenpopulatie. Door hun strak gereguleerde “natuurlijke killer-'eigenschappen en
antilichaamafhankelijke cellulaire cytotoxiciteit (ADCC), kunnen NK-cellen virale infecties
en kanker bestrijden en verouderde cellen doden.
De uiteenlopende taken die zij in het gezonde organisme hebben, maken NK-cellen
tot een van de grote beloften van de cellulaire therapie. Niet alleen bij leukemie en solide
tumoren, maar ook bij uiteenlopende andere ziektebeelden zou (adjuvante) therapie met
NK-cellen de overleving en levenskwaliteit van patiënten kunnen verbeteren. NK-cellen
kunnen daarbij zo nodig worden gecombineerd met geneesmiddelen, antistoffen of andere
behandelingsmodaliteiten. Klinische studies zullen deze toepassingsmogelijkheden in de
komende jaren verkennen. Voorwaarde daarvoor is de beschikbaarheid van voldoende
NK-cellen en meer kennis over hun eigenschappen en de mogelijkheden om de NK-cel te
activeren en te reguleren.
Het onderzoek in dit proefschrift bouwt voort op eerdere studies naar het zogenaamde “graftversus-leukemia (GVL)” effect van NK-cellen. Leukemische cellen worden uitgeschakeld
zonder dat de NK-cellen normale weefsels gaan aanvallen en leiden tot “graft-versus-host
disease (GVH D)”. In deze eerdere studies werd gebruikgemaakt van haploidentieke NKcellen, geïsoleerd uit perifeer bloed van geselecteerde donoren. Het blijkt dat deze benadering
effect heeft bij patiënten met hematologische vormen van kanker en patiënten met vaste
tumoren (hoofdstuk 1). Uit deze eerste klinische experimenten met NK-cellen blijkt ook, wat
er nog verbeterd moet worden om deze vorm van immunotherapie tot een succes te maken:
• grotere aantallen NK-cellen;
• een betere activering van de NK-cellen;
• voldoende beschikbaarheid van de NK-cellen bij de kankercellen die hun doelwit zijn;
• grotere zuiverheid: geen verontreiniging met andere typen afweercellen zoals
T- of B-cellen die voor ongewenste complicaties kunnen zorgen.
De studies in dit proefschrift zijn erop gericht om deze verbeteringen te realiseren, vanuit een
beter inzicht in de ontwikkeling, kenmerken en activering van NK-cellen.
In hoofdstuk 2 wordt de ontwikkeling beschreven van een uiterst efficiënte celkweekmethode
voor de vermenigvuldiging en differentiatie van functionele NK-cellen, gegenereerd uit
stamcellen en voorlopercellen (CD34+ cellen) uit navelstrengbloed. Dit navelstrengbloed
(Umbilical Cord Blood, UCB) is een bekende bron van bloedvormende stamcellen. Daarom
wordt het bloed uit de navelstreng, dat anders bij het ziekenhuisafval belandt, direct na de
geboorte verzameld en onder de juiste condities ingevroren. Bloedbanken van UCB eenheden
zijn zo een bron van HSC, bijvoorbeeld voor donor stamceltransplantatie doeleinden. De
aantallen cellen uit een navelstreng zijn echter meestal niet voldoende voor een volledige
stamceltransplantatie aan een volwassene.
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De eerste belangrijke stap op weg naar een klinisch toepasbare celkweekmethode was
de ontwikkeling van een kweekvloeistof (medium). Het medium wordt gebruikt om de
voorlopercellen te laten delen (expansie) en en zich te laten ontwikkelen (differentiëren) tot
functionele NK-cellen. Om veilige toepassing bij de mens mogelijk te maken, is het medium
van meet af aan ontwikkeld zonder menselijke of dierlijke producten zoals bloedvloeistof
(serum). De menselijke eiwitten in het medium zijn biotechnologisch geproduceerd met
recombinant DNA technologie. Zo kunnen geen virussen of andere ziekteverwekkers in het
medium terechtkomen. In hoofdstuk 2 wordt beschreven hoe een cocktail van cytokinen
(cellulaire signaalstoffen) en andere toevoegingen zoals heparine systematisch verfijnd is,
totdat de celkweek optimaal functioneerde. Uiteindelijk ontstond een celkweekprocedure die
per voorlopercel meer dan 15.000 NK-cellen (CD56+CD3Tymfocyten) kan produceren met
een bijna 100% zuiverheid, zonder ongewenste T- en B-cellen.
Een nadere analyse van deze ex vivo gegenereerde celproducten liet zien dat zij NK-cel
subpopulaties bevatten met verschillende expressie van zogenaamde NKG2A en killer
immunoglobuline-like receptoren (KIRs), die NK-cel reactiviteit reguleren. Bovendien
hebben de van UCB afgeleide CD56+CD3‘ NK-cellen die volgens dit protocol gegenereerd
zijn, gelijkmatig hoge niveaus van NKG2D en andere activerende receptoren zoals natural
cytotoxicity receptors (NCR). Met andere woorden: zij vertonen grote gelijkenis met
geactiveerde NK-cellen zoals die normaal in het lichaam worden aangetroffen. Deze ex vivo
gegenereerde NK-cellen doden efficiënt gekweekte cellen (cellijnen) met myeloïde leukemie
en melanoom en primaire AML-cellen van patiënten, zelfs bij een lage NK / doelwitcel ratio.
Het systeem heeft dus een hoog groeipotentieel, produceert cellen met grote zuiverheid die
zeer effectief hun doelwit doden en is daarmee een belangrijke doorbraak in de productie van
NK-cellen voor immunotherapie.
In hoofdstuk 3 staat beschreven hoe dit celkweekprotocol voor de ex vivo expansie van NKcellen uit navelstrengbloed is omgezet naar een volledig gesloten, grootschalige kweek in
een bioreactor. Om dit te bereiken moesten verscheidene obstakels worden overwonnen,
zoals de optimale selectie van voorlopercellen (CD34+ cellen) uit ingevroren UCB via een
gesloten systeem. Verder werden verschillende bioreactorsystemen getest om het proces te
ontwikkelen en te optimaliseren tot een volledig gesloten celkweeksysteem dat grote aantallen
NK-cellen kan genereren.
De ontdooide CD34+UCB-cellen kunnen nu reproduceerbaar met bioreactoren geëxpandeerd
en gedifferentieerd worden tot CD56+CD3' NK-cel producten met een gemiddelde groei van
meer dan 2.000 maal en een zuiverheid van meer dan 90%. De vermeerdering in de bioreactor
levert een klinisch relevante dosis van meer dan 2 x l0 9 NK-cellen op, met een hoge expressie
van activerende NK receptoren en een hoge cytolytische activiteit tegen leukemiecellen.
Uitgebreide product release testen en downstream processing hebben geleid tot een veilige
en goed gecontroleerde afgifte van het NK-cel immunotherapie product. Deze resultaten
laten zien dat uit beperkte aantallen UCB-stamcellen klinisch relevante hoeveelheden NKcel producten kunnen worden geproduceerd in gesloten bioreactoren, die geschikt zijn voor
klinisch onderzoek naar adoptieve immunotherapie.
Kennis over de ontwikkeling, differentiatie en activatie van NK-cellen is essentieel voor
de verbetering van de NK-celkweek en het verder verfijnen van op NK-cellen gebaseerde
therapieën in de komende jaren. Daartoe is een 10-kleuren flowcytometrie methode

ontworpen om NK-cel ontwikkeling in meer detail te kunnen bestuderen. In hoofdstuk 4 staat
beschreven hoe gebruik is gemaakt van deze nieuwe methode om NK-cel ontwikkelingsstadia
in verschillende menselijke weefsels te karakteriseren. Met een zeer gevoelige flowcytometer en
nieuwe flowcytometrie analyse software zijn zeven verschillende NK-cel ontwikkelingsstadia
geïdentificeerd in beenmerg, navelstrengbloed, perifeer bloed, lieslymfeklier, leverlymfeklier
en de milt van afzonderlijke donoren. NK-cel ontwikkeling gaat in vivo gepaard met de vroege
expressie van de co-stimulerende receptor CD244. Bovendien variëren de expressieprofïelen
van vroege ontwikkelingsmarkers zoals CD33 en C-type lectine receptor NKG2A tussen
de weefsels. Dit suggereert een mogelijke weefselspecifieke NK-celdifferentiatie en rijping.
Bovendien heeft de differentiële expressie van NKG2A in combinatie met stimulerende
receptoren (bijvoorbeeld NCR’s, NKG2D) binnen de verschillende subgroepen van
zich ontwikkelende NK-cellen aangetoond, dat er heterogeniteit bestaat binnen de
CD56br'8htCD16+/' en CD56dimCD16+ subsets van NK-cellen. Deze bevindingen suggereren
dat de weefselomgeving een belangrijke rol kan spelen voor verschillende ontwikkelingen
van NK-cellen en het NK-cel receptorrepertoire in situ van deze cellen. In het algemeen blijkt
dat het brede spectrum van rijpe NK-cel subtypes zoals gevonden in het menselijk lichaam
verklaard kan worden door verschillen in NK cel-ontwikkeling in situ en migratie van deze
cellen naar verschillende weefsels.
In aanvulling op deze fenotypische karakterisering en om onze kennis over ex vivo NK-cel
ontwikkeling te kunnen uitbreiden, werd de menselijke NK-celdifferentiatie ook op moleculair
niveau onderzocht (hoofdstuk 5). Door het identificeren van specifieke genexpressie profielen
voor NK-cel rijping konden de gekweekte NK-cellen worden vergeleken met volwassen NKcellen uit perifeer bloed. Ex vivo gegenereerde NK-cellen hebben een genexpressieprofiel
van de cytolytische moleculen dat sterk lijkt op dat van geactiveerde NK-cellen uit perifeer
bloed. Verder lieten cytotoxiciteitsstudies zien, dat ex vivo NK-cellen een sterkere cytolytische
activiteit uitoefenen, vergeleken met geactiveerde NK-cellen uit perifeer bloed.
Hoofdstuk 6 betreft de vraagstelling o f de ex vivo ontwikkeling van NK-cellen in ons
celkweeksysteem vergelijkbaar is met de NK-cel ontwikkelingsstadia in menselijke weefsels
zoals die werden gevonden. Het bleek dat de NK-cellen in de ex vivo procedure globaal
dezelfde ontwikkelingsstadia doorlopen als menselijke NK-cellen in vivo. Vervolgens werden
goed gedefinieerde subsets van NK-cellen uit celkweken gekarakteriseerd; deze bleken grote
gelijkenis te vertonen met de subsets die eerder in vivo waren geïdentificeerd.

Conclusie
NK-cellen spelen een belangrijke rol bij het doden en beheersen van hematologische
maligniteiten, en zouden bij het vinden van de optimale toepassing in aanvulling tot huidige
behandelingen kunnen bijdragen aan genezing. Dit onderzoek draagt oplossingen aan voor
bestaande problemen op het gebied van de toepassing van deze cellen in de immunotherapie.
Hiermee is een unieke techniek ontwikkeld om grote hoeveelheden zeer functionele NKcellen voor klinisch gebruik te genereren uit navelstrengbloed. Het algemene doel van dit
onderzoek is de therapeutische toepassing van ex vivo gegenereerde UCB-NK-cellen te
onderzoeken in klinische studies. Na goedkeuring van het Investigational Medical Product
Dossier geschreven op grond van de resultaten in dit proefschrift en het daarbij behorende
klinische protocol door de Nederlandse regelgevende instanties (“Centrale Commissie
Mensgebonden Onderzoek” CCMO) (NL31699.000.10), is toestemming verkregen om
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binnen een fase I/II klinische studie AML-patiënten met een slechte prognose te kunnen
behandelen. Inmiddels zijn de eerste 4 patiënten in de studie opgenomen. Zij hebben NKcellen toegediend gekregen en worden uitgebreid geanalyseerd op bijwerkingen, overleving
van de toegediende NK-cellen, hun in vivo biologische activiteit en mogelijke therapeutische
activiteit op aantoonbare residuale ziekte. De translationele en famaceutische fase van het
onderzoek is hiermee voltooid; het wachten is nu op de resultaten van de klinische fase. Er is
alom grote belangstelling voor de potentie van deze unieke UCB-NK-cel therapie!
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DANKSAGUNG
Ein Projekt geht zu Ende: meine Promotion. Wer hatte das gedacht, dafi es jemals so weit
kommen könnte. Grofie Scheuklappen wurden in den vergangen Jahren aufgesetzt, um dieses
Ziel zu erreichen. Nun kann man auch stolz auf das sein, was man erreicht hat. Viele Tage in den
vergangenen Jahren waren mit sogenannten „deadlines" besetzt. Wichtige, die den Fortbestand
des Projektes und des Arbeitsplatzes betrafen, aber auch notwendige „deadlines", die mit
Einreichungsfristen für Publikationen, Abstracts, Prasentationen und Subventionsantragen
zu tun hatten. Viele Wochen und Monate waren von der Ungewifiheit gepragt, ob und wie das
Projekt fortgesetzt wird und ob es jemals gelingen würde. Unzahlige Entscheidungen wurden
getroffen; einfachere, die die tagliche Arbeit im Labor und das Auswerten der Experimente
betrafen sowie schwierigere, die richtungsweisende Anderungen im Gesamtprojekt bedeuteten.
Zurückblickend wurden wohl die meisten dieser Entscheidungen richtig getroffen.
Ohne Frage kann ein Projekt dieser Gröfienordnung nicht ganz alleine gestemmt werden.
Ich hatte das grofie Glück, auf diesem Weg von Menschen begleitet zu werden, mit denen
eine aufierst ehrliche und fruchtbare Zusammenarbeit möglich war. Es bereitete mir eine
grofie Freude, mit so vielen verschiedenen Menschen zusammen zu arbeiten und dabei ihre
unterschiedlichen Facetten kennen zu lernen.
Wo soll ich anfangen, mich zu bedanken, und wo höre ich auf? Generell möchte ich allen
danken, die mich als Wissenschaftler in meinem Projekt unterstützt haben und besonders bei
denen, die ich auf diesem Weg nicht persönlich erreichen kann.
Fange ich nun bei den wichtigsten Menschen an? Und wie gewichte ich dies? Ordne ich
alphabetisch von A bis Z? Oder umgekehrt? Vielleicht doch chronologisch?
Ich könnte jetzt darüber nachdenken und nie zu einem Resultat kommen, deshalb verfahre
ich wohl besser - wie so oft in den letzten Jahren - nach dem Motto: “Jan, mach einfach mal!
Wird schon was bei rumkommen.“
So ahnlich begann auch meine Karriere am UMCN. Nach vielen Jahren in Düsseldorf, wo
ich eine wirklich mehr als solide Grundausbildung genossen habe, ergab sich für mich die
Gelegenheit, mit einem Stamm-/NK-Zellprojekt in den Niederlanden zu beginnen. Bernd und
Michael, ihr habt mich wirklich viel gelehrt, und gerade durch Bernd wurde mir der kritische
Umgang mit experimentellen Daten naher gebracht. Überhaupt wurde mir in Düsseldorfauch dank Peter Wernet- der kritische Bliek auf die Wissenschaft vermittelt.
Dann begann das Kapitel „Nijmegen".
Lieber Dirk, ich erinnere mich noch genau an den Augenblick, als wir uns beim Altbier
im "Schumacher" in Düsseldorf kennenlernten. Ich wurde angenommen trotz des
fehlenden X-Chromosoms und nicht vorhandenem blondem Haar. Ich mufite nur „rechts
unterschreiben“! Danke für all Deinen Einsatz und Dein Vertrauen auf und neben der Piste.
W ir sind im Laufe der Jahre zu einem super Team zusammengewachsen, und ohne Dich
ware ich sicher heute nicht dort, wo ich jetzt bin. Wir lernten viel voneinander, zum Beispiel

über Geduld und Durchsetzungsvermögen. Danke, dafi ich immer die Möglichkeiten und
Freiheiten für meine Forschung hatte. Ich denke, unser Verhaltnis hat sich über das normale
Arbeitsverhaltnis hinaus entwickelt, was dem Erfolg nur zutraglich war. So manches „rosa
Pferdchen“ und Fufiballspiel trugen mit Sicherheit dazu bei.
Im neuen Labor in Nijmegen wurden die Tage langer, die Nachte kürzer.
Lieber Theo, Du gabst mir von Anfang an die Chance und die nötige Sicherheit, mich als
Wissenschaftler in Nijmegen wohl zu fühlen und beweisen zu können. Du warst stets da,
wenn wir kritische Fragestellungen lösen mutëten.
Die Möglichkeit, meine Promotion zu einem guten Ende zu bringen, bekam ich nun
letztendlich durch Dich, Fred. Vielen Dank dafür sowie für die gute und konstruktive
Zusammenarbeit in den letzten Jahren.
Eine gute Starthilfe ermöglichte „dem Jan“, sich in seinem neuen Umfeld schnell zu
akklimatisieren und die Laborarbeiten zu beginnen.
Lieber Frank, Dein Team - meist in Person von Paul - half mir anfangs sehr, alles gut zu
organisieren. Du hast grofêen Anteil an der translationellen Umsetzung des Projektes. Vielen
Dank für alle Unterstützung in den letzten Jahren. Aber auch Deine „BMTler" spielten sowohl
initial als auch spater eine entscheidende Rolle. Liebe Eugenie, Marianne, Adrian, Sandra
und lieber Ben, Carel und Jos, ohne Eure Unterstützung waren viele Dinge nicht so einfach
gelaufen wie sie es letztlich sind. Ihr habt mir alle stets hilfreiche technische Unterstützung
gegeben. Carel und Jos gehen sicher als die „Gods o f Cords“ in diese Geschichte ein.
Aber auch die „IFTler" haben mir immer sehr geholfen. Ob Marij, Eugenie, Edith, Hans,
Bijan oder Erik, immer war jemand da, wenn ich mal einen Monoclonalen brauchte, der nicht
in meinem stets wachsenden Sortiment auftauchte.
Durchflufizytometrie und Datenanalyse waren stetige Begleiter meiner Forschung. Der
FC500 mufête immer schwerer ackern, als „der Jan“ den Karussellmodus hoffahig machte.
Ein Karussell drehte sich nach dem anderen. „High throughput“, erst in 3, spater in 5 Farben.
Als das nicht mehr reichte, nahm ich 10 Farben und bekam einen neuen Freund, den Navios.
Lieber Rob, „King o f Flowsort", Du hast mir immer mit Rat und Tat zur Seite gestanden,
meinen herzlichen Dank dafür. Deine Arbeit, auch im Team mit Jeroen und Peter, war und ist
für die Arbeitsgruppe Gold wert.
Ja, mit Gold ist die Arbeit kaum aufzuwiegen, die Du, Marleen, vollbracht hast. Als junge
Studentin kamst du ins Labor und hast mir bis heute die Treue gehalten. Ich kann kaum
Worte genug finden, um Dir zu danken. Nie wurde über lange Tage lamentiert, und immer
war Deine Arbeit super korrekt und ehrlich. Ich kann mich jederzeit aut'Dich verlassen, und
es ist wirklich ein grofies Glück, mit Dir zusammen zu arbeiten. Ohne Deine Hilfe ware dieses
Buch wohl in dieser Art nicht zustande gekommen.
Lieber Harry, auch Du bist ein Fixstern, ohne den dieses Buch und somit meine Promotion
nicht in diesem Mafie zu realisieren gewesen ware. Durch Dich lernte ich die Immunologie
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lieben, und Du hast durch mich NK-Zellen zu lieben gelernt und bekamst engeren Kontakt
zur Biologie der hamatopoietischen Stamm- und Vorlauferzellen. Ich schatze sehr Deine
aufrichtige und ehrliche Art sowie Deinen Perfektionismus in der wissenschaftlichen
Darstellung. Ich hatte immer das Gefühl, dafi wir gemeinsam in dieselbe Richtung gehen.
Wir können zu Recht stolz auf all die Schlachten sein, die wir zusammen geschlagen haben.
All die gute Forschung nützt leider nicht viel, solange sie nicht klinisch umgesetzt wird. Lieber
Michel, Du trugst mafigeblich dazu bei, um das NK-Zellprodukt in eine klinisch anwendbare
Form zu bringen. Vielen Dank auch an Nicole und all Deine Kollegen aus der Hamatologie
sowie dem Datenzentrum, die die klinische Realisierung der experimentellen NK-ZellTherapie unterstützen und ausfiihren.
Danke auch an alle aktuellen und ehemaligen Mitglieder der Zelltherapiegruppe. Frans, Dich
habe ich als Motor kennengelernt, der nimmermüde forscht und organisiert. Tausend Dank
für Deine Starthilfe in Nijmegen und die grofie Unterstützung in der NK-Zellproduktion. Du
hattest immer ein offenes Ohr und ein tolles Team - unter anderem mit Hanny - unterstützend
zur Seite.
Auch an alle sonstigen Mitglieder der Zelltherapiegruppe vielen Dank für Eure Hilfe im Labor
und alle sinnvollen Diskussionen und Denkanstöfie. Kelly, Wieger und Willemijn, wir haben
alle die Promotionslast zur gleichen Zeit getragen und bewaltigt. Die Kongresse, die wir
gemeinsam besuchten, waren doch immer sehr gesellig. An Spafi hat es uns nicht gemangelt!
Liebe Jeannette und Basav, ich freue mich sehr, dafi das NK-Team im Rahmen des ZonMw
Projekts durch Euch erweitert wurde. Ich hoffe sehr, dafi Du, Jeannette, mit Deinen
fantastischen Mausexperimenten die NK-Forschung in eine neue Dimension führst und die
nachste NK- Promovendin wirst. Auch Euch, Anniek und Soley wünsche ich alles Gute für
Eure Promotion; vielleicht können die NK-Zellen ja einen kleinen Beitrag leisten.
Natürlich möchte ich auch allen Studenten, insbesondere meinen Studenten Kelly, Siru und
Katrin, grofien Dank aussprechen. Ihr habt tolle Arbeit im Labor geleistet und das Projekt
stark unterstützt und nach vorne gebracht.
Natürlich bin ich auch dankbar für die etlichen Kollaborationen, die einen grofien
wissenschaftlichen Austausch brachten. Liebe Irma, Arnold, Diana und Bram, wir haben
wirklich gut zusammen publiziert und neue Erkenntnisse in der NK-Zellentwicklung
aufgezeigt. Mit Bert, Joop, Jimmy und Saskia hoffe ich, diese Erkenntnisse auf molekularer
Ebene zu untermauern. Vielen Dank auch an Euch, Erhard, Dorit und Markus für die gute
Zusammenarbcit bei den NK-Expressionsanalysen und anderen NK-Projekten, die ja im
Naturimmun-Projekt in den kommenden Jahren weitergeführt werden.
Mike and Jeffrey, thank you so much for your lively interest and belief in the „Glycostem
method“. I wish to extend our cooperation in the future.
Neben dem NK-Zell-Geschehen möchte ich auch die gute Kooperation im Rahmen der
B-Zell Entwicklung mit Peter, Frank, Blanca, Esther und Liesbeth erwahnen. Ich hoffe sehr,
dafi die Zusammenarbeit bald Früchte tragt. Desweiteren forsche ich intensiv im Rahmen des
„Prograft“ Projektes mit den Kollegen Jan, Erik, Elwin und Lucia aus Rotterdam daran, wie
man Nabelschnurbluttransplantationen mit Hilfe von Expansionskulturen effektiver gestalten

kann. Jan und Erik, gerade unsere Diskussionen habe ich immer als aufierst fruchtbar und
stimulierend empfunden.
Natürlich wurde die Zeit der Promotion sehr durch die tagtagliche Arbeit für Glycostem
beeinflufit. Ich möchte mich bei allen bedanken, die „Glycostem" auf den richtigen Weg
gebracht und somit zum heutigen Erfolg beigetragen haben.
Liebe Milydia, auch für Dich bedeutet dieser Weg grofien Stress. Danke für Dein
Durchhaltevermögen und die Unterstützung, die Du Dirk gegeben hast und gibst.
Grofien Dank möchte ich auch Mark aussprechen, der mich und Dirk gut begleitet und
beraten hat hinsichtlich unserer Patentanmeldungen. Ohne diese ware eine wissenschaftliche
Arbeit in diesem Umfang für mich innerhalb von Glycostem nicht möglich gewesen.
Danke auch für Eure Unterstützung, Georg und Jenny. Ihr wart immer bereit zu helfen, das
Schiff „Glycostem" auf Kurs zu halten. Desweitern gilt mein Dank auch Jan, Wim, Miranda
und Pascal, die durch Ihre Begeisterung für „Glycostem1neue Motivation schüren und damit
einen grofien Beitrag zur weiteren Entwicklung der Firma leisten.
Lieber Pieter, danke für Deine Hilfe bei meiner niederlandischen Zusammenfassung, die
sowohl aus inhaltlichen Diskussionen wie auch aus dem Korrekturlesen bestand. Mit Deiner
Arbeit an der Webseite von „Glycostem" haben wir ein schmuckes Aushangeschild bekommen.
Liebe Liana, auch Dir vielen Dank für die administrativen Hilfen im letzten Promotionsstress.
Bedanken möchte ich mich auch bei allen, die Interesse an meiner Methodik und/oder
meinem Zellkulturmedium gezeigt haben. In erster Linie geht der Dank an Björn und Sven
von „Fertipro“, die immer konstruktiv an der Weiterentwicklung und Qualitatsstabilisierung
des GBGM ' -Mediums gearbeitet haben. Vielen Dank auch an Sönke von „Cellgenix" für alle
Unterstützung hinsichtlich der Bereitstellung von Mustern und Proben. Leider konnten wir
nicht alle unsere Ideen umsetzen, aber das kann ja noch werden. Besonderen Dank auch an
Volker von „Miltenyi", der als NK-Zell-Fan immer Interesse an meiner Arbeit zeigte und so
manchen Materialtransfer und manche Kooperation ermöglichte. Der ein oder andere NKKongress wurde durch Boule erst legendar.
Ich möchte mich auch bei allen Wissenschaftlern, Arzten und Firmen bedanken für die
Unterstützung in vielen EU-Antragen sowie dem initialen Interesse und der Austestung
von Zellkulturmedien und Zellprodukten. Die Liste zieht sich durch ganz Europa von
Oslo, Stockholm, Cardiff, London, Southhampton, Berlin, Hannover, Göttingen, Frankfurt,
Heidelberg, Würzburg, Utrecht, Amsterdam, Maastricht, Luxembourg, Paris, Marseille,
Peruggia, Rom Mailand, Barcelona, Madrid, Rijeka, Innsbruck, Zürich, Basel bis hin nach
Japan, China, Australien, Brasilien und die USA.
Zum Schlufi möchte ich den Menschen danken, die mir am nachsten stehen, meiner Familie
und meinen Freunden.
Keuni, wir haben zusammen begonnen, Biologie zu studieren, und an Kreativitat hatte es
uns nie gemangelt. Plane einer gemeinsamen Firma zerschlugen sich, so dafi ich dann doch
irgendwann mein Studium mit Erfolg beendete. Fufiball, Kanu und die legendaren Trips nach
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Avignon oder Marseille sorgten immer für die nötige Ablenkung. Ich weifi, datë ich mich auf
Dich verlassen kann.
Liebe Jule, Not schweitët zusammen. Lafit aber auch Freundschaften entstehen, was halt noch
so zwischen Leberwurst und Kohlrabi möglich ist. Oder: Was zusammen facsen soll, dafi
wachst zusammen. Du weitët am besten, was man in der Promotionsphase durchmacht, und
durch welche Schule wir gegangen sind. Zusammen mit Dir, Vogel und dem Wanderpokal
konnte das System das ein oder andere Mal auf Null und Erholung gesetzt werden. Ihr Beiden,
habt vielen Dank auch für alle moralische Unterstützung!
Meinen lieben Schwiegereltern Charlotte und Franz möchte ich danken, dal? ich ein zweites
Zuhause bekommen habe. Ihr habt mich und meine Familie sehr unterstützt in den letzten
Jahren.
Fabienne, da habe ich Dir ganz schön was zugemutet mit meinem last-minute-Auftrag fürs
Layout. Ein wirklich herzliches Dankeschön für Dein Engagement und für die hervorragende
und absolut witzige Umsetzung meiner „fixen Ideen'. Auch Dir, Tobias, dem Mann für alle
(Computer)Falle tausend Dank für Dein Mitwirken in der „Layout-Affare“. Ohne Eure Hilfe
hatte das ganz anders ausgesehen!
Mama und Mausi, ihr habt mir immer alle Freiheiten gelassen, um mich entwickeln zu
können. Ich bin Euch sehr dankbar für alles, was Ihr mir mit auf den Weg gegeben habt. Eure
Unterstützung hat mir immer die nötige Sicherheit gegeben, die gesteckten Ziele zu erreichen.
Ich hab Euch sehr lieb.
Schwesterchen Nina, gerne denke ich noch an die Zeit in Düsseldorf zurück. Schön war doch
die Zeit mit der gemeinsamen Wohnung wahrend meines Studiums und Deiner Ausbildung.
Danach bist Du ofit umgezogen und so hatte ich jeweils die Möglichkeit, ob in Heidelberg,
Stuttgart oder Marseille, in Deinem Reich die Zeit zu geniefien und Kraft zu tanken. Schön,
dafi es Dich gibt.
Geliebte Rebecca, wo ware ich ohne Dich? W ir haben viel auf uns genommen in den letzten
Jahren, alleine und zusammen. Aber immer, wenn wir gemeinsam an einem Strang ziehen,
sind wir stark und können das Ziel erreichen. Das Schicksal hat es nicht immer gut mit uns
gemeint, solange wir in Düsseldorf wohnten. Es war ein schwieriger Schritt für Dich, mir
dann doch Richtung Nijmegen zu folgen. Ein Schritt, der jetzt aber auch belohnt werden soll.
Seit knapp 3 Jahren versüsst uns unser Sonnenschein Tamisha den Alltag. Für mich sorgt
sie für die nötige und willkommene Ablenkung von der Doppelbelastung Promotion und
Arbeit. Oft hast Du zurück stecken müssen, teils mit mehr und teils mit weniger Rücksicht.
Oft war ich im Film (Experimente, Firma - wo führt das hin?) und schwer zurückzuholen. Ich
bin sehr froh über unseren langen gemeinsamen Weg, der nicht immer einfach war. Jedoch
gerade daraus können wir Kraft schöpfen für die Aufgaben, die uns bevor stehen. Danke für
all Deine Unterstützung und allen Antrieb, besonders in den schwierigen Momenten. Unsere
Familie und unser Zuhause ist doch der wichtigste Ruhepunkt für mich. Ich liebe dich.
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NATURAL KILLER CELL IMMUNOTHERAPY: FROM BENCH TO BEDSIDE

„Immer ruhig bleiben. f

&
„Identity is not equal to potency. ‘

„Specific modifications may train NK cells to
get much more prominent effector mechanisms.

„Cel producten voor cellulaire therapie zullen
niet beschouwt worden als een geneesmiddel. “

„NK cell therapy may become a universal
treatment for cancers and infectious diseases.

„ The perfect is the enemy of the good. “

Overall rules and regulations are not useful
to control specific processes. “

„It may be difficult to reduce large tumor burden
using NK cell immunotherapy. NK cells could be
more effective in sweeping out residual tumor
cells following first line treatment like surgery,
radio- and chemotherapy. “
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