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Abstract
The culture of human natural killer (NK) cell clones has traditionally been a long, laborious
process with an efficiency of only 1–2%. Recently, a stem cell growth medium (SCGM) has been
described to expand preferentially polyclonal NK cells from peripheral blood. We have tested
SCGM in a single cell sorting system and shown a 4–5 fold increase in the number of proliferating
NK clones compared to standard RPMI media. The cloning efficiency was further enhanced by the
provision of irradiated feeder cells derived from multiple donors combined with the addition of the
anti-CD3 antibody, OKT3. The combination of SCGM, single cell sorting and these multiple
optimisations enhanced NK cloning efficiency by more than tenfold to greater than 20% for short-
term cultures when deriving 105 cells and as high as 10% for longer term cultures when deriving
more than 2×106 cells. This novel system thus facilitates the generation of NK clones and allows
larger scale studies of NK function that were beyond the scope of previous methodology.
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1. Introduction
Natural killer (NK) cells were identified by their ability to kill virus-infected and tumour
cells (Takasugi et al., 1973; Trinchieri and Santoli, 1978). Major advances over the last 10
years have identified many of the cell surface receptors that determine NK function. These
include the constitutively expressed killer immunoglobulin-like receptors (KIR), which are
specific for the highly polymorphic major histocompatibility complex (MHC) class I
proteins (reviewed by Parham, 2005). NK cells also express other receptors specific for
MHC class I including the leukocyte inhibitory receptor (LIR-1) and CD94/NKG2 receptors
(reviewed by Lanier, 1998; Moretta et al., 2000, 2001). Unlike the KIRs which are specific
for particular class I allotypes, the CD94/NKG2 receptors are specific for the non-classical
MHC class I molecule HLA-E (Braud et al., 1998; Lanier, 1998; Vales-Gomez et al., 1999).
Individual NK cells express between 1 and 6 inhibitory and between 0 and 5 stimulatory
MHC class I receptors and it is the combination of these receptors which defines the
responsiveness of any particular NK cell (Valiante et al., 1997). In addition, a number of
activating and inhibitory receptors that recognise other non-MHC class I ligands have been
identified. These include NKG2D and the NK-specific natural cytotoxicity receptors (NCR),
NKp30, NKp44, NKp46 (reviewed by Moretta and Moretta, 2004) as well as a number of
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receptors with shared expression on T-cells, such as the Leukocyte associated Ig-like
receptors, LAIR-1 and LAIR-2 (Meyaard et al., 1997) and the inhibitory receptor protein 60
(IRp60) (Cantoni et al., 1999). In this context it is becoming more important to understand
the role of each of the inhibitory and stimulatory molecules in determining the NK response.

Analysis of NK clones permits dissection of the NK response in the context of inhibitory
and stimulatory receptor expression. However, current methods of NK cloning are
inefficient and laborious. The principles of NK cloning have remained relatively unchanged
since Yssel et al. first described a method for cloning both NK and T cells in 1984 (Yssel et
al., 1984). In this method, NK cells are isolated by limiting dilution and stimulated with
irradiated Epstein Barr virus-immortalised lymphoblastoid B cell lines, peripheral blood
mononuclear cells (PBMC) and the polyclonal activating lectin, phytohaemaglutinnin. NK
cells are then cultured in Yssel’s medium, a serum free medium containing bovine serum
albumin, transferrin, insulin, linoleic-oleic and palmitic acid, penicillin and streptomycin.
Whilst Yssel’s medium is shown to be better than RPMI for NK clone culture, NK cloning
using these methods are still inefficient (Spits and Yssel, 1996). More recently, Carlens et al.
(2000) demonstrated that the commercially available serum free medium, SCGM is capable
of supporting the expansion of polyclonal NK cells within PBMC (Carlens et al., 2000, 
2001). Additionally, they demonstrated that the culture of PBMC in vitro in SCGM with the
anti-CD3 specific antibody, OKT3, boosted the number of NK cells within PBMC, although
they did not investigate these conditions in an NK cloning environment. Here, we report a
novel system of NK cloning using SCGM and multiple optimisations, which boosts cloning
efficiency by over tenfold without the use of activating lectins such as phytohaemaglutinin.

2. Methods
2.1. Cell culture media and reagents

Cellgro SCGM serum-free medium was purchased from CellGenix (Freiburg, Germany) and
RPMI 1640 was purchased from Gibco (Paisley, UK). The media were supplemented with
5% heat-inactivated, human AB serum (Rhydlafa, UK), penicillin (1×105 IU/ml) (Gibco)
and streptomycin (100 mg/ml) (Gibco). IL-2 was purchased from Cetus (Emeryville, USA)
and the monoclonal antibody OKT3 grown from the J.CAM1.6 hybridoma from ATCC
(Middlesex, UK).

2.2. Isolation of PBMC
Informed consent was obtained from all donors (designated D#). Blood was collected in
tubes containing preservative-free heparin (Monoparin) (CP Pharmaceuticals Ltd., Clwydd)
(5 IU/ml blood). PBMCs were isolated by density gradient centrifugation, using
Histopaque-1077 (Gibco).

2.3. Cell sorting and flow cytometry
PBMC were stained with CD3 and CD56 for cell sorting and for analysis of NK clonality.
CD3-FITC (MEM-57) was purchased from Serotec (Oxford, UK) and CD56-PE (B-A19)
was purchased from Diaclone (Bensancon, France). Briefly, cells were stained with the
appropriate concentration of antibodies and incubated for 20 min at 4 °C, then washed twice
in PBS 2% v/v ABS. Data acquisition and analysis was performed on a FACSCalibur (BD,
Mountain View, CA) using Cellquest software (BD). Single cell sorting of CD3−CD56+

cells was performed on a MoFlo (Dako-Cytomation, Cambridge, UK). CD94-PE (HP-3D9)
was purchased from BD, NKG2A (Z199) was purchased from Immunotech (Marseille,
France) and visualised with goat anti mouse IgG2b-FITC (R19-15) purchased from BD.
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2.4. Proliferation assay
Polyclonal NK cells were plated out in triplicate at 4×104 cells/well in a U-bottomed 96 well
plate (Greiner, Stonehouse, UK) and stimulated with various concentrations of IL-2 in
RPMI or SCGM media. To measure the proliferation of a clone, a single clone was
incubated with the described stimulations before pulsing with tritiated (3H) thymidine. 3H-
thymidine (Amersham, Little Chalfont, UK) (1 μCi/well) was added to each well and the
cells were incubated for 18 h at 37 °C. The radiolabelled cells were harvested onto fibreglass
Titertek filtermats, by a Skatron Titertek cell harvester (Skatron, Norway). 3H-thymidine
incorporation was measured on a 1450 Microbeta Trilux Liquid Scintillation Counter
(Perkin-Elmer). Proliferating polyclonal NK cells were identified using a stimulation index,
calculated by dividing the geometric mean of the test wells by the geometric mean of the
unstimulated control wells. A stimulation index of 4 or more was considered as positive for
proliferation. To measure the proliferation of NK clones, the geometric mean of 6 control
samples (containing feeder cells only) was multiplied by 4 and subtracted from the test well.
Test wells that gave a positive number were considered to be proliferating.

2.5. Cytotoxicity assay
Standard chromium release assays were used to measure cytotoxicity. In brief, K562 target
cells were loaded with Na2 51CrO4 (Amersham) using 2 MBq for every 5×105 target cells.
Following washing away of excess Na2 51CrO4, assays were performed in 200 μl reaction
volumes in 96 well round bottomed plates using RPMI v/v 2% ABS and 2×103 K562
targets/well. Spontaneous Na2 51CrO4 release was determined by incubating target cells
with medium only. Maximum Na2 51CrO4 release was determined by the addition of 5% (v/
v) Triton X-100 (100 μl). After the addition of target cells, plates were incubated at 37 °C
for 4 h before the radioactivity of a 20 μl sample was measured on a 1450 Microbeta Trilux
Liquid Scintillation Counter. Percentage specific lysis was calculated using the standard
equation:

2.6. Statistical analysis
To test the relationship between the 3H-thymidine incorporation of NK cells from the same
individual cultured in two different media, a 1-way ANOVA was performed. A Tukey’s
multiple comparison post-test was used to compare 3H-thymidine incorporation values for
each medium. A 2-way ANOVA was used to test the difference in 3H-thymidine
incorporation when NK cells were cultured in two different media with various
concentrations of IL-2. A Bonferroni post-test was used to compare values at each
concentration of IL-2. All ANOVA and post-tests were carried out using Prism 4 software
(GraphPad, USA). For all tests, a p value of less than 0.05 was taken as being significant.

2.7. NK cloning
NK clones were generated from fresh PBMC by single cell sorting CD3−CD56+ cells into
single wells of a 96 well plate (Greiner). NK clones were cultured at 37°C and 5% CO2 in
SCGM 5% v/v ABS supplemented with IL-2 (250 IU/ml), OKT3 (50 ng/ml) (ATCC) and
5×104 irradiated (3000 rads) PBMC from three allogeneic individuals for 4 days. On day 4
half the medium was removed and replaced with fresh medium containing IL-2 (1000 IU/
ml). Cells were cultured for up to 10 weeks, and restimulated with irradiated PBMC, IL-2
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and OKT3 every 7–10 days. Clones were used in functional assays 10 days after
restimulation with irradiated PBMC when all feeder cells were no longer viable. Trypan
blue was used as an exclusion dye to ensure that the dead irradiated feeder cells were not
counted when estimating the number of cells cultured for an individual NK clone.

3. Results
3.1. Culture of polyclonal NK cells in SCGM and RPMI

We first tested the ability of SCGM to maintain culture of peripheral blood-derived
polyclonal NK cells. CD3+CD56− NK cells were cell sorted from three different donors and
cultured in SCGM or RPMI supplemented with IL-2 (500 IU/ml) for 7 days and
proliferation was measured on days 1, 3, 5 and 7. The combined mean 3H-thymidine
incorporation values from all 3 donors are shown in Fig. 1A. 3H-thymidine incorporation
was greatest in SCGM+IL-2 and this was significantly greater than for cells cultured in
RPMI+IL-2 (p =0.0011).

3.2. Effects of IL-2 on NK cell proliferation
Polyclonal NK cells from three different donors were then cultured in SCGM or RPMI
supplemented with serial dilutions of IL-2 from 125 to 1000 IU/ml for 3 days. Fig. 1B
shows the combined results for all three donors. The presence of IL-2 significantly increased
the 3H-thymidine incorporation for cells cultured in both SCGM and RPMI (p <0.0001). NK
cells cultured in SCGM incorporated significantly more 3H-thymidine than cells cultured in
RPMI (p =0.0029). IL-2 could not recover the deficit observed between the two media.

3.3. Effects of SCGM and RPMI on NK clone proliferation and cytotoxicity
The improved proliferation of polyclonal NK cells in SCGM compared to RPMI encouraged
an investigation into the benefits of SCGM for NK cell cloning. Single CD3−CD56+ cells
from two donors were cultured in SCGM or RPMI supplemented with irradiated feeders
from three allogeneic donors and IL-2 (500 IU/ml). Fig. 2A showed that there was at least a
400% increase in the number of proliferating wells for single cells cultured in SCGM
compared to RPMI and these proliferating wells had higher 3H-thymidine incorporation
values (Fig. 2B). Additionally, at least eleven times as many wells cultured in SCGM were
cytotoxic against the NK-specific target cell line K562 compared to those cultured in RPMI
(Fig. 3). Wells containing only irradiated feeder cells were unable to lyse K562 targets,
indicating that these irradiated feeders could not be a source of NK cells. These data
indicated a significant association between increased frequency of both proliferating and
cytotoxic NK cells and culture in SCGM and illustrate that SCGM is not only able to
support polyclonal NK expansion, but also NK clone growth in culture.

3.4. Effects of OKT3 on NK clone proliferation and cytotoxicity
Proliferation and cytotoxicity of NK clones cultured in SCGM or RPMI with or without
OKT3 (50 ng/ml) was investigated because OKT3 had previously been shown to increase
the proportion of CD3−CD56+ NK cells in 3-week cultures of PBMC (Carlens et al., 2000).
We observed a significant association between increased proportions of both proliferating
and cytotoxic wells and culture in SCGM. As shown in Table 1, the addition of OKT3
increased the number of proliferating wells of single cell sorted NK cells cultured in SCGM
by 157% for D7. Categorising the proliferating wells cultured in SCGM according to the
magnitude of the proliferative response showed that the addition of OKT3 increased the
number of wells proliferating in the highest category by 400%. Additionally, 4–6 times as
many NK clones cultured in SCGM+OKT3 were cytotoxic against K562 targets compared
to those clones cultured without OKT3 (Fig. 4).
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OKT3 did not significantly affect the number of proliferating wells cultured in RPMI
indicating that OKT3 could not overcome the deficit between the two media. These data
suggest that the ability of SCGM to support NK clone growth in culture was boosted by the
addition of OKT3.

3.5. Investigation into the effect of the number of donors for feeder cells
To determine the importance of mixed lymphocyte reactions (MLR) within irradiated
feeders in supporting NK clone proliferation and cytotoxicity, NK clones were cultured in
SCGM supplemented with IL-2 (500 IU/ml), OKT3 (50 ng/ml) and irradiated allogeneic
PBMC from either one or three different donors. Table 2 showed that 35% more NK clones
proliferated when cultured with allogeneic PBMC from three donors compared to one.
Categorising the clones according to the magnitude of the proliferative response showed that
nearly half of the clones stimulated with one allogeneic feeder were in the lowest category
of proliferation (45%). In contrast, clones stimulated with three allogeneic feeders were
distributed across the proliferative range. These data are supported by the cytotoxicity data
which showed that significantly more cytotoxic clones were generated when NK clones
were stimulated with three donors compared to one allogeneic donor (p =0.0082) (Fig. 5).
These data have allowed us to formulate a relatively efficient method for NK cloning (Fig.
6). Using this method, clones could be maintained in culture for up to 10 weeks. From a
single cell, cultures containing between 7×104 and 3.3×106 cells were generated. Counting
cultures of more than 2×106 cells (thus allowing cytotoxic analysis against multiple targets),
140 “clones” were derived from 30 plates (1800 wells) from four different subjects,
including one donor from whom 71 clones were successfully generated from 12 plates.

3.6. Investigation into the phenotype of cultured NK clones
Identification of NK clones was also confirmed and their phenotype investigated by flow
cytometry. Cells were stained with CD3 and CD56 specific monoclonal antibodies and NK
clones were identified as being CD3−, CD56+. Of the 140 cultures, only sixteen were
excluded from further analysis, either because flow cytometric analysis indicated a double
population of CD56+ cells or consisted of contaminating T cells from the cell sort. A large
proportion of the clones were of a CD56dim phenotype suggesting that they expressed high
levels of CD16 (Nagler et al., 1989, 1990) and a range of KIR (Jacobs et al., 2001). Further
phenotyping of a proportion of the NK clones for CD94 and NKG2A and comparison of
their frequency with the frequency of the same NK cells in the peripheral blood of each
donor indicated that the culture conditions were better for NK cells of a CD94hi phenotype
(Table 3). These NK clones have been successfully used to quantitate novel NK modulatory
functions (Tomasec et al., 2005).

4. Discussion
In this study, a novel and highly efficient system for NK cloning was developed. In contrast
to current techniques, which stimulate NK clones with irradiated EBV-LCL and PHA, we
used a mixture of irradiated allogeneic PBMC supplemented with IL-2 and OKT3
(Roncarolo et al., 1991; Litwin et al., 1993; Carr et al., 2002). This was sufficient to achieve
cloning efficiencies of up to 10% as measured by the derivation of at least 2×106 cells for
any specific clone. This represents a significant increase compared to previously published
NK cloning efficiencies. Additionally, phenotyping of NK clones indicated that while this
system of culture preferentially expanded CD94hi NK cells (Table 3), it still supported the
growth of less common NK cells that are often lost when polyclonal NK lines are cultured
such as those with a CD94lo phenotype.
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Unlike PHA that has non-specific potent agglutinating and mitogenic activities, OKT3
specifically stimulates T cells by binding to CD3 on their surface (Leavitt et al., 1977).
Binding of OKT3 to T cells in the irradiated PBMC may therefore have a similar role to that
proposed for PHA and EBV-LCL, by stimulating the irradiated PBMC to produce IL-2 and
perhaps other growth and/or co stimulatory factors, that enhance NK clone growth (Spits
and Yssel, 1996).

The data presented here suggest that SCGM was not only able to support polyclonal NK
growth but also efficiently supported NK clone expansion in culture for long periods.
Current NK cloning techniques culture NK cells in RPMI or Yssel’s medium, a serum free
medium prepared with Iscove’s modified Dulbecco’s medium supplemented with sodium
bicarbonate, bovine serum albumin, transferrin, insulin, linoleic, oleic and palmitic acid
(Yssel et al., 1984). As NK cloning efficiencies in Yssel’s medium are low (typically ~2%),
the use of SCGM for NK cloning thus represents a major advance on current NK cloning
techniques (Litwin et al., 1993; Robertson et al., 1993, Wada et al., 2004). The factors
responsible for the superiority of SCGM compared to either Yssel’s medium or RPMI for
culture of NK clones cannot be revealed here as the formulation of SCGM has not been fully
disclosed by the manufacturers. Their data sheets suggest that SCGM does not contain any
growth factors, antibiotics or undefined supplements and that it is nutritionally complete,
providing a balanced environment for haematopoietic stem and progenitor cells, T cells and
NK cells. Like Yssel’s medium SCGM contains albumin, insulin and transferrin, and it is
therefore unlikely that any of these factors are responsible for the advantage of SCGM for
NK cloning.

Proliferation of NK clones was greatest when stimulated with a combination of allogeneic
PBMC feeders from multiple donors, suggesting that factors secreted from a mixed
lymphocyte reaction (MLR) are able to stimulate and maintain the growth of NK clones. c-
KIT ligand, IL-15 and IL-21 have all been implicated in the maintenance and/or activation
of mature NK cells, but they are all growth factors and as such would not have been
included in the manufactured SCGM media. However, c-KIT ligand has been shown to be
relatively abundant in human serum and binding of c-KIT ligand to c-KIT+ CD56hi cells
was shown to upregulate bcl-2 preventing apoptosis, thereby indicating a role for c-KIT
ligand in the survival of CD56hi cells (Carson et al., 1994b). Interestingly, c-KIT ligand has
also been shown to potentiate cytokine release in MLRs (Langley et al., 1993; Bluman et al.,
1996) and this combined with its anti-apoptotic effect on CD56hiCD16+ NK cells may at
least partly explain the observed support of NK clone growth in this culture system.

MLRs may also provide IL-15 and IL-21 to the NK cells. The main sources of IL-15 are
monocytes and macrophages (Carson et al., 1995; Kennedy and Park, 1996) and binding of
IL-15 to components of the IL-2 receptor was shown to activate NK cells in a similar but not
identical manner to that of IL-2 (Carson et al., 1994a). Furthermore, a role for IL-15 in the
survival of mature NK cells in vivo was demonstrated in adoptive transfer experiments
where NK cells transferred to IL-15 deficient mice were rapidly lost (Ranson et al., 2003).

IL-21 is closely related to IL-2 and IL-15 and is expressed exclusively by activated CD4+ T
cells. As such, it may also be present in the media as a consequence of stimulation through
the OKT3 in our optimised media or a MLR (Lyman et al., 1994; Parrish-Novak et al.,
2000). However, the literature suggests a more important role for IL-21 in inducing a
maturation program rather than promoting survival of NK cells. Thus, culture of mature
CD56+ cells with IL-21 enhanced lytic activity against K562 targets (Parrish-Novak et al.,
2000) and triggered the upregulation of cell surface markers associated with activation
(Brady et al., 2004), but blocked IL-15 induced expansion of resting NK cells (Kasaian et
al., 2002). Irrespective of the potential relative contribution of such cytokines to this NK
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cloning system, culture in SCGM must provide either additional factors that aid NK
proliferation and survival or induce higher levels of these cytokines as MLRs are also
present in our comparative RPMI cultures.

In summary, we have described a novel and highly efficient method of NK cloning that uses
SCGM media supplemented with IL-2 and a stimulation protocol using irradiated allogeneic
PBMC from multiple donors and OKT3. This contrasts to the methods currently in use,
which generally stimulate NK cells with a mixture of allogeneic PBMC, EBV-LCL and
PHA in Yssel’s media. The considerable increase in NK cloning efficiency described here
allows broader investigation of NK responses as this methodology makes feasible the timely
generation of hundreds of NK clones (Tomasec et al., 2005). In so doing, it has the potential
to revolutionise the functional characterisation of NK cells in both basic and clinical
immunological research fields.
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Fig. 1.
Comparison of proliferation of polyclonal NK cells cultured in SCGM or RPMI.
CD3−CD56+ NK clones were isolated by cell sorting and used in a standard 3H-thymidine
incorporation assay following culture in either SCGM or RPMI supplemented with 5% AB
serum for various numbers of days (A) and various concentrations of IL-2 (B) before
overnight pulsing with 3H-thymidine. (A) Culture in SCGM (filled squares) generated
increased proliferation compared to RPMI (open squares) from 3 days onwards. Two-way
ANOVA showed significance at p =0.0011. (B) Culture in SCGM (filled) generated
increased proliferation at all IL-2 concentrations compared to RPMI (hashed). Two-way
ANOVA showed significance at p =0.0029.
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Fig. 2.
Comparison of Proliferation of NK Clones Cultured in SCGM or RPMI. NK clones were
isolated using single cell sorting and used in a standard 3H-thymidine incorporation assay
following culture in either SCGM or RPMI supplemented with 5% AB serum, IL-2 (500 IU/
ml) and irradiated allogeneic feeders for 10 days. Positive wells were identified by setting a
positive cut-off at 4× the mean 3H-thymidine incorporation values of control wells
(stimulation index=4). (A) Results are expressed as a % of 180 wells for D7 or 240 wells for
D9. SCGM (filled) generated between 4× and 6× more positive proliferating wells compared
with RPMI (hashed). The variation indicated by the bars, represents frequencies calculated
using a positive cut off of 3× the mean incorporation values of control wells. (B) The
proliferating wells identified in (A) were ranked according to the magnitude of the
proliferative response. Mean proliferation is indicated by horizontal bars. Wells cultured in
SCGM (filled triangles) had higher incorporation values of 3H-thymidine than wells
cultured in RPMI (open triangles). χ2 tests showed significant differences between the
indicated results at ap =0.0011 and bp =2.3×10−9.
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Fig. 3.
Comparison of cytotoxicity of NK clones cultured in SCGM or RPMI. NK clones were
isolated using single cell sorting and cultured in either SCGM or RPMI supplemented with
5% AB serum, IL2 (500 IU/ml) and irradiated allogeneic feeders before cytotoxic NK
assays using K562s as targets on day 17. Positive wells were identified as lysing targets at
greater than 10%. The variation indicated by the bars, represents frequency calculated using
maximum and minimum control release minus 1 SD. Results are expressed as a percentage
of 180 wells for D7 or 240 wells for D9. SCGM (filled) generated between 11× and 24×
more positive cytotoxic wells compared with RPMI (hashed).
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Fig. 4.
Comparison of cytotoxicity of NK clones cultured in SCGM or RPMI with or without
OKT3. NK clones were isolated using single cell sorting and cultured in either SCGM or
RPMI supplemented with 5% AB serum, IL2 (500 IU/ml) and irradiated allogeneic feeders
with or without OKT3 (50 ng/ml) before cytotoxic NK assays using K562s as targets on day
17. Positive wells were identified as lysing targets at greater than 10%. The variation
indicated by the bars, represents frequency calculated using maximum and minimum control
release minus 1 SD. Results from two donors (D7, D9) are shown. OKT3 (filled) generated
between 4× and 6× more positive cytotoxic wells than those without OKT3 when cultured in
SCGM (hashed). RPMI cultures resulted in less than 3% of wells showing cytotoxicity.
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Fig. 5.
Comparison of cytotoxicity of NK clones cultured with irradiated, allogeneic PBMC feeders
derived from different numbers of donors. NK clones were isolated using single cell sorting
direct and cultured in SCGM supplemented with 5% AB serum and IL-2 (500 IU/ml) and
OKT3 (50 ng/ml). 5×104 irradiated allogeneic feeders from different numbers of donors
were used for stimulation. Cytotoxic NK assays using K562s as targets were performed on
day 17. Positive wells were identified as lysing targets at greater than 10%. The variation
indicated by the bars represents frequency calculated using maximum and minimum control
release minus 1 SD. χ2 tests showed significant differences between the indicated results
at ap= 0.0082.
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Fig. 6.
Summary method for NK cloning. NK clones were single cell sorted from PBMC into single
wells of a 96 well plate and cultured at 37 °C and 5% CO2 in SCGM 5% v/v ABS
supplemented with IL2 (250 IU/ml), OKT3 (50 ng/ml) and 5×104 irradiated PBMC from
three allogeneic individuals for 4 days. On day 4, half the medium was removed and
replaced with fresh medium containing IL2 (final concentration 500 IU/ml) and on day 7
half the medium was removed and replaced with fresh medium containing IL2 (final
concentration 100 IU/ml). Clones were re-stimulated with irradiated PBMC, IL2 and OKT3
every 10 days and could be maintained for up to 10 weeks.

Morris et al. Page 15

J Immunol Methods. Author manuscript; available in PMC 2010 March 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Morris et al. Page 16

Ta
bl

e 
1

E
ff

ec
t o

f 
O

K
T

3 
on

 m
ag

ni
tu

de
 o

f 
N

K
 c

lo
ne

 p
ro

lif
er

at
io

n

P
ro

lif
er

at
io

n 
cp

m
 ×

 1
00

0
P

os
it

iv
e 

w
el

ls
a

SC
G

M
b

SC
G

M
+O

K
T

3b
R

P
M

Ib
R

P
M

I+
O

K
T

3b

D
7

<
50

15
/2

1 
(7

1%
)

22
/5

4 
(4

0%
)

5/
5 

(1
00

%
)

1/
2 

(5
0%

)

51
–1

00
1/

21
 (

5%
)

9/
54

 (
17

%
)

0/
5 

(0
%

)
0/

2 
(0

%
)

10
1–

15
0

2/
21

 (
10

%
)

7/
54

 (
13

%
)

0/
5 

(0
%

)
0/

2 
(0

%
)

15
1–

20
0

1/
21

 (
5%

)
6/

54
 (

11
%

)
0/

5 
(0

%
)

0/
2 

(0
%

)

20
1+

2/
21

 (
10

%
)

10
/5

4 
(1

9%
)

0/
5 

(0
%

)
1/

2 
(5

0%
)

T
ot

al
 p

os
iti

ve
21

/1
80

54
/1

80
5/

18
0

2/
18

0

D
9

50
<

37
/5

1 
(7

2%
)

31
/9

1 
(3

4%
)

4/
8 

(5
0%

)
0/

0 
(0

%
)

51
–1

00
6/

51
 (

12
%

)
15

/9
1 

(1
6%

)
3/

8 
(3

8%
)

0/
0 

(0
%

)

10
1–

15
0

0/
51

 (
0%

)
9/

91
 (

10
%

)
0/

8 
(0

%
)

0/
0 

(0
%

)

15
1–

20
0

1/
51

 (
20

%
)

7/
91

 (
8%

)
1/

8 
(1

2%
)

0/
0 

(0
%

)

20
1+

7/
51

 (
14

%
)

29
/9

1 
(3

1%
)

0/
8 

(0
%

)
0/

0 
(0

%
)

T
ot

al
 p

os
iti

ve
51

/2
40

c
91

/2
40

c
8/

24
0

0/
24

0

a Po
si

tiv
e 

w
el

ls
 w

er
e 

id
en

tif
ie

d 
by

 s
ub

tr
ac

tin
g 

4×
 th

e 
ge

om
et

ri
c 

m
ea

n 
of

 c
on

tr
ol

 s
am

pl
es

 (
fe

ed
er

 c
el

ls
 o

nl
y)

 f
ro

m
 th

e 
te

st
 w

el
l. 

T
es

t w
el

ls
 th

at
 g

av
e 

a 
po

si
tiv

e 
nu

m
be

r 
w

er
e 

co
ns

id
er

ed
 to

 b
e 

pr
ol

if
er

at
in

g.

Pr
ol

if
er

at
in

g 
cl

on
es

 w
er

e 
th

en
 c

at
eg

or
is

ed
 a

cc
or

di
ng

 to
 th

e 
am

ou
nt

 o
f 

th
ei

r 
3 H

-t
hy

m
id

in
e 

in
co

rp
or

at
io

n.

b C
ul

tu
re

d 
in

 I
L

-2
 (

50
0 

IU
/m

l)
, w

ith
 m

ed
iu

m
 a

nd
 O

K
T

3 
as

 in
di

ca
te

d.

c T
he

 p
ro

po
rt

io
n 

of
 w

el
ls

 p
ro

lif
er

at
in

g 
in

 e
ac

h 
ca

te
go

ry
 w

er
e 

co
m

pa
re

d 
us

in
g 

a 
χ

2  
te

st
. N

um
be

r 
of

 p
os

iti
ve

 w
el

ls
 c

ul
tu

re
d 

in
 S

C
G

M
 w

er
e 

si
gn

if
ic

an
tly

 d
if

fe
re

nt
 to

 w
el

ls
 c

ul
tu

re
d 

in
 S

C
G

M
+

O
K

T
3 

(p
=

0.
00

02
2)

.

J Immunol Methods. Author manuscript; available in PMC 2010 March 22.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Morris et al. Page 17

Table 2

Effect of different numbers of allogeneic, feeder donors on NK clone proliferation

Proliferation cpm × 1000 Positive wellsa

1 Feederb 3 Feederc

D9

 50< 32/71 (45%) 26/96 (27%)

 51–100 18/71 (26%) 20/96 (21%)

 101–150 7/71 (10%) 18/96 (19%)

 151–200 8/71 (11%) 16/96 (17%)

 201+ 6/71 (8%) 16/96 (17%)

Total positive 71/300 (24%)d 96/300 (32%)d

a
Positive wells were identified by subtracting 4× the geometric mean of the control samples (feeder cells only) from the test well. Test wells that

gave a positive number were considered to be proliferating. Proliferating clones were then categorised according to the amount of their 3H-
thymidine incorporation.

b
NK clones stimulated with 1×106/ml irradiated PBMC from 1 allogeneic donor.

c
NK clones stimulated with 1×106/ml irradiated PBMC from 3 different allogeneic donors.

d
χ2 test showed a significant difference at p =0.0082.
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Table 3

Comparison of NK clonal phenotype with NK phenotype in the peripheral blood

Phenotype Donor
Frequency in
peripheral blooda

Frequency in
cultured clonesb

CD94hi D3 42% 85% (11/13)

D7 34% 52% (13/25)

D8 ND 96% (26/27)

D9 12% 78% (35/45)

NKG2A D9 25% 27% (5/18)

a
Frequency of NK cells in the peripheral blood with the denoted phenotype.

b
Frequency of cultured NK clones with the denoted phenotype.
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